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We have studied the fabrication of dual-layer asymmetric hollow fiber composite 
membranes for gas separation. The dual-layer composite membranes were prepared by 
simultaneously extruding a bore fluid and two polymer solutions from a specially 
designed triple-orifice spinneret. This technique offers a platform to construct a novel 
composite membrane consisted of a high-performance polymer with excellent 
permselectivity and a common polymer with outstanding mechanical properties.  
Starting from the spinneret design, the research work includes preparation of single-
layer asymmetric hollow fibers, optimization of dual-layer asymmetric hollow fiber 
spinning, study of macrovoid formation, investigation of delamination phenomenon, as 
well as fabrication of lab-scale hollow fiber modules.  Extensive work was introduced 
to explore the membrane formation induced by phase inversion. The concept of critical 
membrane-structure transition thickness was raised to describe the transition from a 
sponge-like to a macrovoid structure. The morphologies of the interfaces of dual-layer 
hollow fibers were revealed. The uneven shrinkage effect was applied to explain the 
delamination between inner and outer layers. Defect-free, delamination-free, dual-layer 
hollow fiber asymmetric membranes were successfully demonstrated for gas 
separation. The membrane plasticization caused by CO2 was also studied and its 
effects were significantly suppressed by surface modification using a novel chemical 
cross-linking approach. Lab-scale hollow fiber modules with controllable packing 
density were constructed and the detail procedure was developed. 
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1.1 Definition of a separation membrane 
The word “membrane” was first used in popular English media sometime before 1321 
(Webster’s Online Dictionary, http://www.websters-online-dictionary.org/). It was 
derived from Latin word “membrana”, which means the skin that covers the separate 
members of the body. Nowadays, “membrane” has different meanings in different 
domains. In terms of biology, a biological membrane means a pliable sheet of tissue 
that covers or lines or connects the organs or cells of animals. In association with 
separation, concentration, or purification processes, an artificial membrane could be 
defined as a selectively permeable barrier between two bulk phases (Ho and Sirkar, 
1992; Paul and Yampol'skii, 1994; Mulder, 1996). Since it sits between phases and has 
a finite volume, it can be referred to as an interphase rather than an interface. It permits 
certain components of a mixture to permeate more rapidly than others in the presence 
of driving forces. The fast components are concentrated at permeate side 
Figure 1-1. Illustration of membrane separation process 
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while the slow components are maintained at retentate side, thus leads to an 
achievement of separation (Figure 1-1). 
1.2 History of separation membranes 
The earliest studies on separation membranes can be traced back to the eighteenth 
century. In 1748, Abbé Jean-Antoine Nollet, a French experimental physicist and 
clergyman, conducted an experiment to prove that the bubbling phenomenon in 
decompressed liquids might be caused by the dissolved air. Some degassed alcohol 
was stored in a vial sealed with a piece of a pig’s bladder. The vial was then immersed 
in water to keep it safe during the preparation of the experiment. Soon after, the pig’s 
bladder membrane was found to be bulgy. He investigated this phenomenon and 
concluded that the pig’s bladder membrane was preferentially permeable toward water 
(Nollet, 1995). In this case, the bladder acted as a semipermeable membrane, which 
allowed water molecules to enter the solution, but forbade alcohol molecules to move 
out.  
In 1824, René-Joachim-Henri Dutrochet, a French physiologist, first introduced the 
term of “osmosis” to describe the movement of water through a biological membrane 
to a solution (Richet, 2001). In 1861, Thomas Graham, a Great Britian the Scottish 
chemist, described the term of “dialysis” – the passage by diffusion of dissolved 
substances as a function of their concentration and molecular weight (Mulder, 1996). 
He could be probably called the father of modern dialysis that occupies the biggest 
share of membrane market. The apparatus used to study the behavior of biological 
fluids through a semipermeable membrane clearly presaged the artificial kidney in 
clinical use today. In 1865, Moritz Traube found that mixing copper sulphate solution 
and potassium ferrocyanide solution could form copper ferrocyanide precipitates, 
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which could be coated on a surface to form an intact boundary. It is considered as the 
first artificial membrane. The significance of this observation was recognized by 
Wilhelm Friedrich Philipp Pfeffer in 1875. He transformed the fragile copper 
ferrocyanide precipitates on a substrate, which was strong enough to withstand 
operation pressures. He also first introduced the concept of osmotic pressure and 
demonstrated the semi-permeability of the copper ferrocyanide membranes, which 
were permeable to water but impermeable to sucrose (Richet, 2001). In 1887, Jacobus 
Henricus van't Hoff developed the famous van’t Hoff equation to associate the osmotic 
pressure (π) with solute molar concentration (C), molar gas constant (R), and absolute 
temperature (T).  
n
n
R T Cπ = ⋅ ⋅∑          (1.1) 
This milestone work was awarded the first Nobel Prize for Chemistry in 1901. In 1913, 
John Abel and coworkers reported the first application of the principle of diffusion to 
remove substances from the blood of living animals. Willem Johan Kolff achieved the 
first clinically successful hemodialysis in a human patient in 1945 (Gottschalk & 
Fellen, 1997). 
For gas separation membranes, the earliest research activities might be traced back to 
Thomas Graham’s observation of the expansion of a bladder half-filled with coal gas in 
an environment of carbon dioxide in 1829 (Graham, 1995) and Mitchell, J. K.’s 
observation of the contraction of natural rubber balloons filled with hydrogen gas in 
1831 (Paul & Yampol’skii, 1994). The concept of solution-diffusion was firstly raised 
in 1829 and then extensively reiterated in 1866 by Graham (Boddeker, 1995). Graham 
not only demonstrated gas separation by permeation through nonporous membranes 
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but also showed that gas mixtures could be separated by permeation through 
microporous membranes. He is therefore called the father of gas separation via 
membranes (Lonsdale, 1982). In 1909, Knudsen described the geometrical aspect of 
diffusion of gases through microporous membranes by relating the mean free path of 
gas molecules to the duct dimensions. This result could be used to numerically identify 
the type of flows between viscous flow and molecular flow (Boddeker, 1995). In 
1940’s, based on Graham’s and Knudsen’s results, the first large-scale application of 
microporous membranes in gas separation was established for the separation of 
uranium isotopes (Stern, 1994).  
Even though the selectivity of nonporous polymeric membranes is much higher than 
that of microporous membranes, the nonporous polymeric membranes were not 
extensively used in commercial gas separation applications until 1970’s. The main 
barrier is that membranes with sufficient mechanical strength are usually too thick to 
have high permeation flux for commercial scale gas separation. A milestone that 
facilitated the commercialization of gas separation membranes is the discovery of 
integrally skinned asymmetric membranes for reverse osmosis process by Loeb and 
Sourirajan in 1960 (Loeb and Sourirajan, 1964; Matsuura, 2001). Forming by phase 
inversion, the asymmetric membranes consist of a very thin dense top layer supported 
by a relatively thick microporous sub layer (Riley et al., 1964). They can therefore 
achieve both high flux and sufficient mechanical strength. The flux of the asymmetric 
membranes invented by Loeb and Sourirajan was at least tenfold higher than that of 
any membrane available at that time. 
Although it is not difficult for most of glassy polymers to form asymmetric membranes 
with a relative low surface porosity (defects) (<0.01%), such membranes are still too 
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porous for gas separation (Henis and Tripodi, 1981), as the most of permeate might 
bypass through the defects instead of membranes. It could significantly degrade the 
performance of membranes even though the defects (~0.5 nm in diameter) are only as 
little as 0.0001% (Koros et al., 1993; Pinnau, 1994). To solve this problem 
economically, Henis and Tripodi invented revolutionary composite membranes based 
on the Resistance Model (RM) in 1977 (Henis et al., 1980). A rubbery material is 
applied on top of the asymmetric substrate to form a thin layer of homogeneous 
coating. The function of the coating layer is to patch the defects by blocking up the 
holes on the surface of substrate. The gas permeability of this rubbery material is much 
higher than that of the asymmetric substrate. Thus the intrinsic permselectivity of the 
asymmetric membrane is greatly resumed. Figures 1-2 illustrates the effect of surface 
porosity on the separation factors of a polysulfone hollow fiber before and after coating 
a layer of silicone rubber for a H2/CO mixture. For an uncoated hollow fiber, the 
surface porosity must be less than 5 x 10-9 to achieve a satisfactory result for gas 
separation. However, for a RM type composite hollow fiber membrane coated with a 
After coating Coating layer: 1 micrometer 
Separating layer: 1000 angstrom 
Before coating 
Adefects over Amembrane) 
Figure 1-2. Effect of surface porosity on the separation factors of polysulfone 
membrane before and after coating silicone rubber (adopted from Henis, 1983) 
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layer of silicone rubber, the range of tolerance of surface porosity could be greatly 
extended from <5x10-9 to <1x10-4 without seriously affecting both the permeance and 
selectivity. Based on the resistance model, the first large-scale membrane gas 
separation system, Prism®, was successfully installed by the Monsanto Co. in 1977 for 
hydrogen recovery from the purge gas in ammonia plant (Ho et al., 1992; Stern, 1994).  
The other way to facilitate the applications of membranes in gas separation is to 
develop asymmetric membranes with defect-free ultra-thin top layer. Gas permeation 
rate through asymmetric membranes is inversely proportional to the thickness of dense 
top layer (Strathmann, 1971; Pinnau & Koros, 1991). Ultra-thin-skinned asymmetric 
membranes generally refer to the membranes with a dense top layer of 100 ~ 500 nm 
(Ismail, 2003). Industrial-scale gas separation processes require that the asymmetric 
membranes have a dense top layer with less than 200 nm (Pinnau et al., 1990). 
However, the decrease of top layer thickness usually leads to the formation of defects 
due to irregular packing and incomplete coalescence of tangled molecular chains 
(Ismail, 2003). Defect-free ultra-thin asymmetric membranes are difficult to obtain by 
conventional wet phase inversion method (Pinnau et al., 1991). In 1988, Pinnau and 
Koros demonstrated that defect-free ultra-thin asymmetric membranes with a top-layer 
thickness of 20 ~100 nm could be formed by a dry/wet phase inversion method 
(Pinnau and Koros, 1990).  
Figure 1-3 shows statistic results of publications on membranes for gas separation in 
literatures. The data were obtained by means of SciFinder Scholar that is the online 
search engine for Chemical Abstract in 28 June 2004. Before 1960, membranes for gas 
separation attracted less interest due to the lack of membrane materials and the 
restriction of membrane thickness. The study on membranes for gas separation 
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commenced from 1960s was boosted by the invention of integrally skinned asymmetric 
membranes by Loeb and Sourirajan. After 20 years development, a golden era appears 
in 1980 to 1990. The composite membranes invented by Henis and Tripodi brought the 
research of gas separation membranes to successful commercial applications. The 
commercialization of gas separation membranes is believed to be the main engine for 
the rapid growth of membrane research in this period. Meanwhile, the theories and 
models were fully developed by 1995. The second golden era started in 1995. The 
advance in membrane material science and the expansion of applications are believed 
to be the main powers for the rapid development. 
Figure 1-3. Statistic results of publications on membranes for gas separation in 
literatures (by Chemical Abstract [SciFinder Scholar] in 28 June 2004) 
1.3 Classification 
1.3.1 Membrane classification 
There are many ways to classify synthesized membranes. In terms of membrane roles, 
they could be either separation membranes to change the composition of mixtures, 
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packaging membranes to prevent permeation, ion-exchange & biofunctional 
membranes to physically/chemically modify the permeating components, proton 
conducting membranes to conduct electric current or non-selective membranes to 
control the permeation rate (control release). Grouped by membrane geometric shapes, 
they could be flat, tubular, or hollow fiber membranes. Based on the natures of 
membrane materials, they could be solid or liquid and neutral or charged. In terms of 
membrane structures, they could be single-layer or multi-layer composite, dense or 
microporous and symmetric or asymmetric membranes.   
The majority of membrane applications for industrial gas separations use hollow fiber 
membranes because they can be assembled into compact modules to achieve the 
largest membrane area per unit module volume, can withstand elevated pressures, can 
be produced continuously on a large scale, and are self-supporting. 
1.3.2 Membrane processes classification 
Membrane processes could be classified as shown below by transmembrane driving 
forces (Mulder, 1996). 
1.3.2.1 Pressure-driven membrane processes 
Pressure-driven membrane processes include microfiltration (pore size 0.05-10 
micrometer with 0.1-2 bar pressure as driving force), ultrafiltration (pore size 1-100 
nanometer with 1-10 bar pressure as driving force), nanofiltration (pore size less than 2 
nanometer with 10-25 bar pressure as driving force), reverse osmosis (pore size less 
than 2 nanometer with 15-80 bar pressure as driving force), pressure retarded osmosis 
(pore size less than 2 nanometer, the osmotic water flow can be used to generate 
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electricity by means of a turbine), and piezodialysis ( ionic solutes permeate through 
the non porous membrane with up to 100 bar pressure as driving force).   
1.3.2.2 Concentration-driven membrane processes 
For concentration-driven membrane processes, the components in a mixture diffuse, 
rather than convect, through the membranes. Concentration-driven membrane 
processes include gas separation, vapor permeation, pervaporation, dialysis, diffusion 
dialysis, control release, carrier mediated process and membrane contactor.  
1.3.2.3 Thermally driven membrane processes 
Thermo-diffusion is a process in which the mass transfer simultaneously occurs with 
the flow across a homogeneous membrane caused by temperature difference. 
Membrane distillation is an example of thermally driven membrane processes in which 
a non-wettable porous membrane is used to separate two liquids. The vapor transfers 
from the high temperature side to the low temperature side through the porous 
structure.  
1.3.2.4 Electrically driven membrane processes 
Employing electrical potential difference as the driving force, an electrically charged 
membrane could separate ionic components from their neutral counterparts. The 
electrically driven membrane processes include electrodialysis, membrane electrolysis, 
and bipolar membranes.  
In contrast, a fuel cell coupled with proton conducting membranes could generate 
electricity based on the same principle but reversed process. 
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1.4 Membrane market 
Since asymmetric membranes were invented by Loeb and Sourirajan in 1960s, the 
membrane separation processes have been rapidly commercialized in water and waste 
water treatments, air pollution control, food and beverage processing, drug discovery, 
pharmaceuticals manufacture, medical devices, artificial organs, gas separations, fuel 
cells, specialty textiles and many other areas (Baker, 2000). The worldwide membrane 
market grows at nearly 8-10% per year and 75% of the total market share belongs to 
USA, Japan and Western Europe. The largest portion of the membrane market is 
occupied by dialysis. In 1998, dialysis shared up to 43% membrane market value. MF, 
UF, and RO shared another 41%. Gas separation had only 5% market lot but the 
highest growing rate (15%) (Strathmann, 2001). Figure 1-4 shows the statistical results 





























Figure 1-4. Annual sales of membranes and membrane modules for various 
applications worldwide (Adopted from Wenten, 2002) 
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Major industrial applications are driving the membrane market. Air separation, natural 
gas, oil, and petrochemicals industries are key markets for membrane gas separation 
technologies. Although there are a number of companies that have well-established gas 
separation production using membrane technologies, research continues to improve gas 
separation processes for specific applications.
In general, every product has four phases in its life time, which cover the development 
phase, the growth phase, the mature phase, and the declining phase. Figure 1-5 shows 
the life status of various membrane processes in their life-cycle curves respectively. It 
reveals that none of membrane processes is in the declining phase yet.  Gas separation 
process is just in the end of growth phase and will move to high sales phase (mature 
phase) soon. It is experiencing the stage with high growth rate (Strathmann, 2001). 
Figure 1-5. Life-cycle curve of various membrane processes 
(Adopted from Strathmann, 2001) 
1.5 Applications of polymeric membranes in the field of gas separations 
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Since Monsanto launched its first set of hydrogen separation system Prism ® in 1980, 
membrane gas separation technology has been rapidly developed and widely used in 
the separation of various industrial gas mixtures. Figure 1-6 shows the milestone in 
applications of membranes for gas separation. 
Figure 1-6. Milestone in applications of membranes for gas separation 
(Adopted from Baker, 2002) 
 
Industrial gas mixtures can be classified to two categories. They are non-condensable 
gases and condensable gases. Currently, more than 90% membrane separation 
processes are for non-condensable gas mixtures. However, much larger potential 
applications are the separation of gas mixture containing condensable components 
(Baker, 2002). Main applications of membranes in the field of gas separation are 
summarized in Table 1-1. The main players and their products are listed in Table 1-2. 
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Table 1-1. Applications of gas separation membranes
(Adopted from Ismail et al, 2002a)
Acid gas treatment, landfill gas upgradingCO2/ Hydrocarbons




Oxygen enrichment, inert gas generationO2/N2
Air dehumidificationH2O/Air
Hydrocarbons recovery, pollution controlHydrocarbons/Air
Helium recoveryHe/N2
Helium separationHe/ Hydrocarbons
Sour gas treatingH2S/ Hydrocarbons
ApplicationsComponents in mixtures
 
Table 1-2. Main players in gas separation membranes 
(Adopted from Baker, 2002) 
 
1.5.1 Air separation 
Air separation includes nitrogen and oxygen enrichment. Taking nitrogen enrichment 
as an example, Figure 1-7 shows the relationship between nitrogen recovery rate and 
nitrogen purity over the membranes with different selectivity. To get 99% nitrogen, the 
recovery rate can be increased from 25% to 50% if the membrane selectivity increases 
from 4 to 8. It may significantly reduce membrane module cost up to 50%. However, 
only 20% of total cost is associated with membrane modules.  Two thirds of system 
costs come from compressors, which are required to compress the air to certain 
pressure before entering modules. Furthermore, the operating costs also mainly come 
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from the consumption of electric power by the compressor. Figure 1-8 shows the 
energy consumption over membrane selectivity for 99% nitrogen production by 
membrane separation. Increasing selectivity from 8 to 12 will reduce the size of 
compressor by 20%.  
Figure 1-7. The recovery rate as a function of product concentration for 
membranes with different selectivity in nitrogen enrichment from the air 
(Adopted from Baker, 2002) 
 
1.5.2 Hydrogen recovery 
Hydrogen is a high value industrial gas that is made from coal, oil or natural gas 
because it is not available in nature. Hydrogen is a fast gas for membrane and the 
selectivity over other gases is high. Separation of hydrogen is an ideal application for 
membranes. Membrane separation technology has been widely used in hydrogen 
14 
recovery from purge gas stream in ammonia plants and H2/CO ratio adjustment in 
syngas plants.  
Figure 1-8. Effect of selectivity on energy consumption for 10 atm, 99% N2 
by membrane separation 
(Adopted from Baker, 2002) 
 
In petrochemical industry, fouling, plasticization, and condensation of hydrocarbon 
vapors on membrane surface are the factors that seriously affect membrane 
performance. Necessary measures must be taken to prevent the membranes from 
performance deterioration.  
1.5.3 Natural gas separation 
Some of natural gases contain high level of CO2, which could be removed by 
membrane process. Compared with traditional amine absorption method, membrane 
separation is attractive if the flow rate of natural gas is less than 5 million scfd. It has 
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ability to compete with amine absorption if the flow rate is between 5-40 million scfd.  
Membrane system is too expensive if the flow rate is more than 40 million scfd. 
The second application in natural gas separation is NGL removal. Raw natural gas is 
usually saturated by C3+ hydrocarbons. They must be removed before delivered to the 
pipeline network. A rubbery membrane system could be used to replace traditional 
refrigeration plant to remove NGL. Different from glassy membranes, rubbery 
membranes separate gas mixture based on the solubility but not diffusivity. This 
approach is in its early commercial stage. It is competitive with traditional refrigeration 
method for the flow rate up to 20 – 30 million scfd (Baker, 2002). 
The third application in natural gas separation is natural gas dehydration. Glycol 
absorption is well accepted by the industry. Membrane system must minimize the loss 
of methane during separation to compete with traditional method. 
The last application in natural gas separation is nitrogen removal. Currently, it is 
feasible to dilute a natural gas that contains nitrogen up to 10% by blending a 
sufficiently low nitrogen-containing one to meet the specification (In USA, the natural 
gas pipeline specification for inert gas is total inert gas containing <4%); (Baker, 
2002). However, for those natural gases contained more that 10% nitrogen, blending is 
no longer feasible. Separation must be carried out before pipeline transmission. In a 
very large scale (100 to 500 million scfd), cryogenic method can be economically used 
to separate nitrogen and other components. However, no technology is currently 
available to economically treat nitrogen-rich natural gas from smaller fields with flow 
rate of 1 – 20 million scfd. To fill in the gap by membrane technology, either methane-
permeable (CH4/N2 >6) or nitrogen permeable (N2/CH4 >17) membranes are accepted 
(Baker, 2002).  
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1.5.4 Vapor / gas and vapor/vapor separation 
Rubbery materials are usually vapor-permeable. They are more favorable in vapor / gas 
separation than glassy materials. The applications include recovery of gasoline vapor, 
chlorofluorocarbon, hydrocarbons, and solvent vapor etc. The potential applications of 
vapor/vapor separation may include ethylene/ethane, propylene/propane, n-
butane/isobutane, and olefin/paraffin separation.  
1.6 Objective and scope  
The focus of this thesis is to develop dual-layer asymmetric hollow fiber composite 
membranes to fit the growing demands for industrial gas separations. The coextrusion 
approach is employed to form dual-layer composite structure; a spinneret with three 
channels is specially designed for dual-layer hollow fiber formation; the dry-jet wet-
spin phase inversion method is utilized to obtain asymmetric defect-free membranes.  
The method developed in this thesis will provide a platform to extend the range of 
membrane material selection for commercial scale asymmetric membrane fabrication. 
By which the limitations from material cost, material availability, material fragility, 
and material mechanical strength may no longer be the barriers. The scope of the thesis 
is summarized in Figure 1-9. Main aspects are highlighted below. 
• Selection of high performance membrane materials for the formation of 
separating layer 
• Study on the formation, modification and performance of single-layer 
asymmetric hollow fiber membranes 
• Design of a triple-orifice spinneret 
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Study on dual-layer
asymmetric hollow fiber membranes
for CO2/CH4 separation
Investigation on suppression of plastization
of hollow fiber membranes
induced by CO2
Study on fabrication of 
hollow fiber membrane modules
with high packing density
Study on single-layer 




























¾ Procedure for Lab-scale Hollow
Fiber Module with High Packing
Density
Figure 1-9. The scope of the thesis
 
• Development of robust procedure for preparation of dual-layer asymmetric 
hollow fiber composite membranes 
• Study of macrovoids elimination in membrane formation by phase inversion 
process 
• Investigation of delamination phenomenon and study of interface structure in 
the process of coextrusion dual-layer hollow fiber formation 
• Morphology characterization on resultant dual-layer hollow fibers 
• Examination of gas separation performance of resultant dual-layer hollow 
fibers 
• Study on CO2 induced plasticization and suppression for the resultant single- 
and dual-layer asymmetric hollow fibers 
18 
• Development of a procedure for fabrication of lab-scale hollow fiber membrane 
modules with controllable packing density. 
1.7 Organization of the thesis 
This thesis is organized into nine chapters including the introduction (Chapter one). 
Chapter Two includes background information about membrane material selection, 
mechanism of asymmetric membrane formation by phase inversion, macrovoids 
formation, composite membranes, membrane modification, and hollow fiber module 
construction. A comprehensive literature review is presented on the application of 
coextrusion approach in preparation of composite membranes. 
In Chapter Three, the single-layer asymmetric hollow fiber membranes were studied 
to determine the effects of membrane solution composition, rheology and process 
conditions on membrane morphology and gas separation performance of asymmetric 
poly(2,6-toluene-2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane diimide) (6FDA-
2,6DAT) hollow fiber membranes for air and CO2/CH4 separations.  
In Chapter Four, CO2-induced plasticization phenomenon of asymmetric 6FDA-
2,6DAT hollow fiber membranes in CO2/CH4 separation was investigated. Several 
processing and thermal approaches have been examined to study their effectiveness to 
enhance anti-plasticization characteristics.  
In Chapter Five, by using coextrusion approach, a delamination-free dual-layer 
asymmetric composite hollow fiber membrane was successfully developed for gas 
separation. Delamination-free is essential for dual-layer membranes to withstand high 
testing pressures. For concept demonstration, a 6FDA–durene–1,3-phenylenediamine 
(mPDA) (50:50) copolyimide was used to form the outer asymmetric separating layer, 
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while polyethersulfone (PES) was employed to yield the inner interpenetrated porous 
supporting layer. A special assembly for outer-layer membrane solution passage was 
firstly introduced into the dual-layer spinneret design in order to enhance the 
uniformity of membrane solution distribution in nozzle orifice. A much thinner (~10 
micrometer) and uniform outer layer was achieved. The effects of spinning conditions, 
such as spinneret temperature, air gap, bore fluid chemistry, inner-layer membrane 
solution concentration and formulation, and solvent exchange on the interface 
delamination between the dual layers were examined. Inner-layer membrane solution 
concentration and bore fluid composition as well as the sequent solvent exchange were 
found to play important roles to produce delamination-free dual-layer membranes. Pure 
gas test results show that the resultant 6FDA–durene–mPDA/PES dual-layer 
membranes have an O2/N2 selectivity approaching to the intrinsic ideal selectivity 
value of 4.7 with a permeance of oxygen around 28 GPU (gas permeance unit) at room 
temperature, indicating the dual-layer hollow fiber membranes are apparently defect-
free. 
In Chapter Six, a systematic study to investigate the relationship among dual-layer 
hollow fiber membrane morphology, membrane solution compositions, and spinning 
conditions was carried out. Using Matrimid as the outer-layer material, PES and its 
blends as the inner-layer materials, the science and engineering factors in the 
preparation of dual-layer asymmetric hollow fiber membranes with high integrity have 
been investigated. 
The formation of macrovoids was experimentally investigated. The thickness 
dependence of macrovoid evolution during the phase inversion of asymmetric flat 
membranes was observed. For the first time, the concept of critical structure-transition 
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thickness Lc was raised. It indicates a transition of the membrane morphology from a 
spongelike to a fingerlike structure with an increase in membrane thickness. Below Lc, 
the membranes show a fully sponge-like cross-sectional structure, whereas above Lc, 
the membranes exhibit a mainly fingerlike macrovoid structure.  
Both the concepts of critical membrane solution viscosity and critical structure-
transition thickness have been closely evaluated if they are suitable to explain the 
formation of a sponge-like structure at certain conditions. The effects of different 
shrinkage percentages of both inner and outer layers on overall membrane morphology 
were studied and the optimal approach to develop delamination-free interface was 
proposed. 
In Chapter Seven, The dip-cross-linking approach was applied to the modification of 
dual-layer asymmetric hollow-fiber composite membranes, where a polyimide (6FDA-
durene / mPDA, 50:50) was chosen as the outer layer and PES was selected as the 
inner layer. Chemical cross-linking modification occurs at the outer polyimide layer by 
immersing the dual-layer hollow fibers in a 5% (w/v) p-xylenediamine / methanol 
solution at ambient temperature for a short period of time. Fourier transform infrared 
studies show that chemical cross-linking modification takes place by the formation of 
amide groups through the reactions between p-xylenediamine and imide groups. The 
PES inner layer is found to be immune from the proposed chemical cross-linking 
modification and remains porous and flexible as a supporting layer. Pure gas tests 
show that chemical cross-linking modification of dual-layer hollow fibers results in a 
reduction in permeance but significantly enhances the CO2/N2 and especially CO2/CH4 
selectivities. 
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Module fabrication has always been treated as proprietary know-how. Systematic 
teaching and scientific study on module design and fabrication in academic journals 
are lacking. Small membrane modules consisting of 10–20 pieces of hollow fibers 
made simply for performance evaluation in laboratories normally cannot provide 
sufficient information for industrial applications because of the negligence of the 
effects of temperature change, different flow patterns and fiber variability. 
In Chapter Eight, a simple approach to fabricate lab-scale hollow fiber membrane 
modules with high packing density of 45–60%, which is around the level of 
commercial modules, by using commercially available standard parts was 
demonstrated. The detailed procedure of fabrication was described step by step. 
Verification tests show that the resultant lab-scale hollow fiber modules have high 
packing density of 49.3% and can withstand high pressure up to 500 psig with good 
separation properties. This know-how-based technique may provide a close linkage in 
terms of performance prediction, system modeling and scaling-up between the lab-
scale research and industrial-scale membrane systems for gas separation.  
In Chapter Nine, the thesis work is summarized and overall conclusions are given. 
1.8 Significance of the thesis 
• The thesis systemically studies the polymeric dual-layer asymmetric hollow 
fiber composite membranes for gas separation by the coextrusion approach. 
• Both scientific aspects and engineering issues are addressed. 
• A triple-orifice spinneret with unique membrane solution channel structure is 
successfully designed. 
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• The thesis work indicates that the thickness dependence of macrovoids 
appearance universally exists in the formation of asymmetric membrane by 
phase inversion. 
• The morphologies of the interface between two layers are revealed. The 




2.1 Membrane materials 
A successful membrane-based gas separation process lies on material selection, 
material characterization, membrane preparation, membrane evaluation and module 
design as well as process optimization (Figure 2-1). Among those, membrane material 
selection is the first and very important step in the entire working chain to affect final 




























Figure 2-1. Conditions for a successful membrane-based gas separation
 
In principle, the most of materials, such as ceramic, metal, carbon, glass, as well as 
polymer, could be used to make membranes if they could form sufficiently thin and 
stable films (Pandey and Chauhan, 2001). Currently, the most of commercial 
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membranes are made from polymeric materials (Pinnau and Freeman, 1999). Being 
membrane materials, polymers should have good chemical and thermal stability and 
sufficient mechanical strength. The polymers that are suitable for membrane 
fabrication include but not limit to brominated poly(xylylene oxide), cellulose acetates 
(CA), cellulose esters, cellulose nitrates (CN), copolycarbonate esters, ethyl celluloses, 
polyacetals, polyacetylenes, polyacrylonitrile (PAN), polyamides (PA, Nylon), 
polyamide esters, polyamideimides, polyaryletherketone (PEEK), polyazoaromatics, 
polyazomethines, polyetherketones, polybenzoxazoles, polycarbonates (PC), poly(2,6-
dimethylphenylene oxide) polyesters, polyestercarbonate, polyethers, polyetherimides 
(PEI), polyethersulphones (PES), polyethylenes (PE), polyhydrazides, polyimides (PI), 
poly(4-methyl pentene-1), polyphenylene oxides (PPO), polyphenylene sulfide (PPS), 
polyphosphazenes, polypropylene (PP), polyquinoxalines, polysiloxanes, 
polysulphones (PSF), polytetrafluoroethylene (PTFE), poly(trialkylsilylacetylenes), 
poly(trimethylsilylpropyne), polyureas, polyurethanes (PU), polyvinylalcohol (PVA), 
polyvinylchloride (PVC), polyvinylidene fluorides (PVDF), Silicone rubber, styrene-
acrylonitrile copolymers, sulfonated poly(xylylene oxide), tetrahalogen-substituted 
polycarbonates, tetrahalogen-substituted polycarbonate esters, tetrahalogen-substituted 
polyesters, etc. as well as the forms of blends, copolymerization, and substitution of 
above polymers (Ekiner et al., 1992). The earliest commercial gas separation 
membranes were based on polysulphone, silicone rubber, and cellulose acetate etc. 
Afterward, other polymers such as polycarbonate, polyamide, polyimide and 
polyetherimide etc. were developed one after the other (Spillman, 1995).   
In order to select proper polymeric materials for a particular separation process, many 
parameters such as intrinsic permselectivity, material cost, material durability and 
stability, resistance against chemical and thermal attacks, mechanical strength and 
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processability etc. have to be considered. The intrinsic permseletivity is one of the 
most important factors to affect final membrane performance among all of 
considerations. Two approaches could be followed to select membrane materials – 
experimental approach and performance prediction based on molecular structure. 
2.1.1 Experimental approach for membrane material selection 
For common gases, such as H2, He, O2, N2, CO2, and CH4, almost every polymer has 
been characterized and the permeability data are available in literatures. Polymeric 
membrane materials that exhibit high permeability usually have low selectivity and 
vice versa. Figure 2-2 shows CO2/CH4 permeability data for various polymers. The 
data points for the most of rubbery materials (O) are found in the area with high 
permeability and low selectivity while the data points of the most of glassy polymers (•) 
are located in the area with low permeability and high selectivity. The data points of 
Figure 2-2. CO2/CH4 permeability data points in various polymeric materials 
(Robeson, 1991; Alentiev and Yampolskii, 2000) 
References: 
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various polyimides (∆) are near the upper bound area, which means that polyimides are 
excellent candidates for CO2/CH4 separation.  
2.1.2 Performance prediction based on molecular structure 
The solution-diffusion theory reveals that gas permeability P through a dense 
polymeric film can be expressed as follows: 
P D S= ×          (2.1) 
where D and S are the diffusivity and solubility coefficients, respectively. The 
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 solubility selectivity. Generally, the improvement of permselectivity 
contributed from solubility part is less than that from diffusivity part for glassy 
polymers. A reasonable reduction of molecular chain mobility can significantly 
increase diffusivity selectivity. The crystallization of polymers leads to a decrease of 
the gaps (free volume) among the molecular chains and as a result, both solubility and 
diffusivity are suppressed. Thus, to achieve a higher selectivity, a better solution is to 
keep the materials in glassy state instead of rubbery or crystal state. In terms of 
molecular design, the key principles to achieve both high selectivity and high 
permeability are (1) to design more rigid molecular chains that may minimize the 
mobility of backbone or segment, (2) to design larger side group of the polymeric 
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chains that avoid dense packing of the chains. In a macroscopic point of view, it means 
that the materials should have high glass transition temperature (Tg) and high free 
volume (Pixton and Paul, 1994). Table 2-1 shows the effect of different side groups on 
the permeability of polysulphone. After the symmetrical replacement of hydrogen 
atoms on the backbone by methyl groups, both glass transition temperature (Tg) and 
the fractional free volume (FFV) increase. The CO2 permeability significantly 


























Table 2-1. Effect of side group on performance of polysulphone
Polymeric membrane materials usually exist as semi crystalline state in membranes. A 
higher crystallinity may decrease gas permeability. However, a lower crystallinity may 
decline the chemical and mechanical properties of the membrane (Kesting, 1985). 
Steric regularity and molecular symmetry of macromolecular chains also affect 
membrane performance. The polymers tend to be amorphous if the molecular chains 
present irregularly steric structure.  A polymer with symmetric molecular chains (e. g. 




O ) favors to have increased density and rigidity in both 
crystalline and amorphous phases compared to the one with less symmetric chains (e. g. 




CH3 ).  
Polarity is another factor that should be considered in material selection. Polarity is a 
term to describe the unevenness in the distribution of electrons around atoms or 
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molecular functional groups. The attracting force between molecules tends to increase 
because of the existence of polarity. The interchain displacement (d-spacing, d) and 
free volume (Vf) in polar materials are smaller than the ones in non-polar materials. 
For a particular polymer, the molecular weight and molecular weight distribution also 
affect the permeability. In general, a higher molecular weight and narrower molecular 
weight distribution are preferred. High molecular weight always represents a high 
viscosity polymer solution and better mechanical properties. As a performance 
indicator, molecular weight distribution is superior to viscosity because it provides 
more information. Figure 2-3 illustrates two lots of polymers with identical viscosities 
but different molecular weight distributions. Figure 2-3-a is for a pure polymer while 
Figure 2-3-b represents a mixture of high- and low- molecular weight polymers. The 
physical properties of films prepared from the mixture are usually poor (Kesting, 1985).  
 
a. Pure b. Mixture of high- and low- molecular weight
Figure 2-3. Schematic molecular weight distribution curves for two 
membrane materials with identical viscosity 
The gas permeability and permselectivity could be predicted by group contribution 
approach that is often used to calculate specific properties of polymers (Van Krevelen, 
1990). Salame is probably the first one to apply the group contribution approach for 
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prediction of gas permeability through polymeric materials (Salame, 1986). The gas 
permeability (P) is calculated from 
exp( )P A sπ= −         (2.3) 
where A and s are constants for a particular gas. Permachor (π ) is defined as below 
*
(298 ) (298 ) exp( )K KP P sπ= −        (2.4) 
where P(298 K) is permeability of an arbitrary gas in an arbitrary polymer. P*(298 K) is the 
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where n is the number of characteristic groups in a repeated unit of the macromocular 
chain. However, it could only be utilized to predict permeability of polymers as barrier 
but not membrane materials. 
In 1997, a modified free volume based group contribution method was proposed by 








= −        (2.6) 
Where An and Bn are constants for a particular gas n. FFV stands for the fractional free 
volume that has been defined as  
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=∑         (2.9) 
where V is the volume of the polymer and ,n kγ  is a set of empirical factors that depend 
on gas “n” and group “k”. (Vw)k is the van der Waals volume for group “k”. volume 
occupied by the polymer chains. The value of kβ  depends on group “k”. In the same 
year, another predicting approach was proposed by Robeson et al. (Robeson et al., 








= Φ∑ iP         (2.10) 
where  is the volume fraction of a specific group i in the repeat unit of 
macromolecular chains. P
iΦ
i is the permeability contributed from the group i. Two repeat 
units are required if the repeated unit is not symmetry. Both prediction approaches 
show promising results when applied to the glassy polymers that are currently used in 
membrane preparation. The later approach has been well established to predict gas 
permeability of copolymers.  
2.2 Formation of asymmetric polymeric membranes for gas separation 
Polymeric membranes could be formed by phase inversion (asymmetric membranes), 
stretching (porous membranes, e.g. Celgard®), melt-extruding (dense membranes), 
swelling a dense film (porous membranes), particles-sintering (porous membrane), 
template-leaching (porous membranes), solution coating, and nucleation-track-etching 
(membranes with cylinderical pores) etc. The most of commercially available 
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polymeric membranes are asymmetric membranes formed by the phase inversion 
(Mulder, 1996). 
2.2.1 Asymmetric membranes 
Asymmetric membrane is a membrane in which the structure along the depth 
(thickness direction) of the membrane is anisotropic (gradient in pore size or apparent 
density). It consists of a thin integral skin (dense or porous) and a relatively thick 
microporous substrate. Separation is achieved mainly by the skin layer of the 
asymmetric membranes. This layer can be very thin as it grows on the substrate. As a 
result, higher flux can be obtained while the selectivity keeps no decline. Without the 
substrate, such a thin top skin cannot be used in any commercial application. The 
substrate plays a very important role in the membrane structure. 
There are two basic requirements on the structure of the substrate. The first one is that 
the transport resistance against the flow through the membrane must be as small as 
possible. It means that the ideal structure of the substrate should be an interpenetrated 
three-dimensional network. Both the polymer phase and void phase are continuous. 
The second one is that a good substrate must have excellent mechanical property. It 
could provide a strong support for the top skin layer. It is to say that the substrate 
should have a gradient pore size distribution along the direction of membrane thickness. 
The pore size descends as the position of the pore moving towards the top skin. 
2.2.2 Phase inversion process 
The phase inversion is used to describe phase separation process in membrane research. 
It is a process in which a thermodynamically stable polymer solution spontaneously 
separates into two phases (polymer rich and polymer lean phases) in the presence of 
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some conditions, such as the changes of temperature and composition. A polymer 
solution is a uniform regime in which the polymer is uniformly dispersed in the solvent 
system that may consist of one or more components. The precondition of forming a 
polymer solution is that the interaction between the polymer and solvent (P-S) must be 
stronger than the one between the polymer and polymer (P-P) (Kesting, 1985). In 
thermodynamic point of view, the formation of a polymer solution is a mixing process. 
The difference of Gibbs free energy of mixing (∆Gm) at constant pressure and 
temperature can be expressed to 
m mG H T S∆ = ∆ − ⋅∆ m         (2.11) 
where the subscript “m” means mixing process. T is temperature.  is the 
difference of enthalpy of mixing, and 
mH∆
mS∆  is the difference of entropy of mixing. 
 means the mixing process is spontaneous and the mixture is stable. 0mG∆ <
The driving force of the spontaneous phase separation is the minimization of Gibbs 
free energy of mixing (Koros and Pinnau, 1994). The phase inversion is a general term 
for liquid-liquid demixing, crystallization, gelation and vitrification (van de Witte et al., 
1996). They may either take place individually or associate with each other. The phase 
inversion could be further divided into four categories: thermal process, dry process, 
wet process, and polymer assisted process (Kesting, 1985). 
2.2.2.1 Thermally induced phase separation (TIPS) 
In this process, a latent solvent is used to prepare a membrane solution. It acts as a 
solvent at elevated temperature and a non-solvent at lower temperature. A 
homogeneous membrane solution is prepared at elevated temperature by dissolving a 
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polymer in a solvent or a mixture of solvents and/or non-solvents. The phase 
separation takes place when the membrane solution is cooled down to certain 
temperature. The remaining latent solvent in the nascent membranes can be removed 
by exchanging with a liquid that is the solvent for the latent solvent and non-solvent for 
the polymer. Thermally induced phase separation (TIPS) is a very important way to 
prepare microporous membranes. 
The behavior of a binary polymer solution can be explained by the curve of Gibbs free 
energy of mixing versus composition. For a system consisting of solvent (component 1) 
and polymer (component 2) at constant pressure and temperature, the Gibbs free 
energy is given by: 
1 1 2 2 1 2ln lnm
G n n n
RT
φ φ φ∆ = + + χ       (2.12)  
where n is the molar number. φ  is the molar volume fraction. χ  is Flory-Huggins 
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Figure 2-4. Gibbs free energy of mixing for a binary solvent-polymer 


















































the relationship of Gibbs free energy of mixing ( mG∆ ) versus polymer composition 
(φ  ) at two different temperatures. The shape of curve in Figure 2-4-A is concave with 
one minimum value point.  At any point on this curve, the tangent line determines the 
change of chemical potentials of the solvent (
2
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µ µ µ ⎛ ⎞∂∆∆ = − = ⎜ ⎟∂⎝ ⎠ ) after mixing. Both the value of 1( )aµ∆  and 
2( )aµ∆  keep negative value in the whole range of composition. It demonstrates that the 
solvent and the polymer are fully miscible over the whole composition range at 
temperature T1. 
Reducing the temperature of the mixture to T2, an upward convex appears in the 
middle of the curve of φ~mG∆  (Figure 2-4-B). A communal tangent line can be 
drawn for those two adjacent concaves at both sides of the convex. The two points of 
tangency (point b and c) have the same intercepts at both 0φ =  and 1φ = , i. e. their 
chemical potentials are the same. It means that they are equilibrium with each other. 
The values of composition that correspond to the point b and c in Figure 2-4 are '1Φ  
and  respectively. The curve that associates '2Φ '1Φ  and '2Φ  with corresponding 
temperature (T) is called as binodal curve (lower one in Figure 2-5).  
Two inflection points exist between the convex portion and two concave portions 







∂ ∆ =∂ . The 
curve changes from being concave to convex or vice versa at an inflection point. They 
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are marked as 1Φ  and  in Figure 2-4, respectively. Associating  and 2Φ 1Φ 2Φ  with 
corresponding temperature (T), the spinodal curve is obtained as shown in Figure 2-5.  
For the most of polymer-solvent systems, the miscibility can be improved by 
increasing temperature. That is to say, the point b and c in Figure 2-4 will approach 
each other as temperature increase. Two points will meet each other and become one 
point at the critical temperature TC as shown in Figure 2-5. The critical temperature can 















∂ ∆ =∂  (Mulder, 1996). Figure 2-6 
illustrates the thermally induced phase separation that takes place in a binary 
homogeneous polymer solution “A” with composition φ at temperature TA. Along with 
the decrease of temperature, the system point moves from A to D through the point B 
and C.  
 
Temp = T1
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Figure 2-5. Schematic temperature-composition phase diagram 













In the region of A-B, the system keeps thermodynamically stable and the phase 
separation does not take place. After moving into the region of B-C, the system 
becomes metastable. It means that infinitesimal composition fluctuations cannot induce 
phase separation. However, once the nucleation is initiated, the phase 
separation will take place to lower the Gibbs free energy of mixing to the minimum 
value. In the presence of particulates to serve as heterogeneous nuclei, the phase 
separation can be induced by sufficiently large fluctuations (Koros and Pinnau, 1994). 
The mechanism of such a phase separation in a metastable region is commonly referred 
to as nucleation and growth. If the final composition point drops into and stops at the 
regions between binodal and spinodal curves, the final structure of the system is semi-
interpenetrating. At the region nearby Dβ, only the structure of polymer-rich phase is 
interpenetrating but the structure of polymer lean phases is discrete. Closed pores can 
be observed in the membrane structure. The similar situation takes place in similar 
region nearby Dα. The only difference is that the polymer-rich phase is discrete. The 
final status of the system is a suspension solution in which the polymer particles are 
dispensed in a polymer-lean phase. 
Figure 2-6. Illustration of thermally induced phase separation 

























In the region of C-D, the system is unstable. Any infinitesimal concentration 
fluctuation can induce phase separation to lower the Gibbs free energy of mixing. The 
mechanism of phase separation in this region is called spinodal decomposition. It is a 
spontaneous process without the need of a nucleus. There is no any barrier for the 
phase separation except diffusion. The composition at status ‘D’ divides into polymer-
rich phase ( Dβ ) with composition '2Φ  and a polymer-lean phase ( Dα ) with 
composition . In the initial stage of spinodal decomposition, an interpenetrating 
(bicontinuous) three-dimensional network is formed. It means that both the phase 
polymer lean phase (
'
1Φ
Dα ) and the phase polymer rich phase ( Dβ ) are continuous three-
dimensional networks. In later stages, the interpenetrating structure coarsens and the 
interconnectivity declines (Koros and Pinnau, 1994). 
2.2.2.2 Dry process phase inversion 
In most of situations, the membrane solution for the dry process consists of polymer, 
volatile solvent and pore formers. The membrane solution is cast on a support template 
(e.g. glass plate) or on a substrate (e. g. non-woven cloth) to form a nascent membrane. 
During the membrane formation, the solvent is allowed to evaporate from the nascent 
membrane surrounded by an inert gas. Final membrane thickness is much thinner than 
as-cast thickness because of the solvent loss. However, it is thicker than that of a dense 
membrane containing the same quantity of polymer because of the existence of voids 
which are formed due to the presence of the pore formers. Figure 2-7 demonstrates 
polymer molecule behaviors during the dry membrane formation process. The boiling 
point of the pore former (non-solvent) should be 30-40 °C higher than the one of the 
solvent. Figure 2-7-a shows the status of the polymer molecules in a nascent membrane. 
The compatibility of casting solution decreases along with solvent evaporation. After a 
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period, the remaining solvent in the nascent membrane becomes to be insufficient to 
maintain the uniform sol state (Figure 2-7-a). Most of the polymer molecules distribute 
themselves to form micelles in which the high concentration pore former micro-
droplets (non-solvent) are encapsulated (Figure 2-7-b) while few 
 
(perhaps 0.5%) are left and kept free.  The micelles grow up and close each other 
(Figure 2-7-c). Eventually, they touch each other (Figure 2-7-d) to form a loose gel 
network. Furthermore, the polymer molecules diffuse into the walls of neighboring 
micelles. The molecules entangle each other at the interfaces (Figure 2-7-e). Finally, 
the closed-cells will be formed if the walls of micelles are strong enough. However, if 
the walls are sufficiently thin, the contraction during membrane formation may cause a 




Figure 2-7. Schematic diagram for dry process membrane formation 
(Adopted from Kesting, 1985) 
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2.2.2.3 Wet process phase separation and macrovoid formation 
Different from the dry process, a non-solvent is introduced as a coagulant in the wet 
process. There are two kinds of wet processes. One is the process in which the nascent 
membrane exposed to air for a period before being immersed into the coagulant. The 
other is the process in which the nascent membrane is immersed into the coagulant 
immediately for solvent/non-solvent exchange. Most of commercially available 
asymmetric membranes are produced by the non-solvent induced phase separation. 
Triangle ternary phase diagram is a very important tool for the explanation of 
membrane structure formation in the wet process. Strathmann is probably the first one 
who systemically applied it to explain asymmetric membrane formation by the non-
solvent induced phase inversion process (Strathmann, 1971).  
For a simple ternary system consisting of polymer, solvent, and non-solvent, the 
difference of Gibbs free energy of mixing ( mG∆ ) at constant pressure and temperature 
can be described using the Flory-Huggins theory: 
1 1 2 2 3 3 12 1 2 13 1 3 23 2 3ln ln lnm
G n n n n n n
RT
φ φ φ χ φ χ φ χ∆ = + + + + + φ   (2.13) 
where the subscript “1” refers to nonsolvent, “2” refers to solvent, and “3” refers to 
polymer. The “ni” is the number of moles, “ iφ ” is the volume fraction. i jχ  is binary 
interaction parameter. 1 2χ  can be obtained from vapor-liquid equilibrium data; 13χ  can 
be determined by swelling equilibrium data; and 2 3χ  can be acquired from either light 
scattering or osmometry data (Koros and Pinnau, 1994).  
The condition of phase equilibrium is given by: 
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,i i
α βµ µ∆ = ∆ ⋅⋅⋅ (i=1~n, n as the total number of components)  (2.14) 
where α  and β  represent different phase in the system. iµ∆  is the chemical potential 






µ∆ ∆∂ ⎛ ⎞= ⎜ ⎟∂ ⎝ ⎠         (2.15) 
Applying equation (2.14) and (2.15) to (2.13) for a ternary system, the chemical 
potentials of three components can be expressed as: 
1 1 1
1 1 2 3 12 2 13 3 2 3 23 2
2 3 2
ln 1 ( )( )v v v
RT v v v
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where  is molar volume of pure component i. The expression of spinodal 
decomposition curve for a ternary polymer solution with constant interaction 
parameters is shown below: 
iv
23 11 1
12 13 12 13
1 2 2 1 3 3 1 2
1 1 12 2 vv v
v v v
χχ χ χφ φ φ φ φ
⎛ ⎞⎛ ⎞ ⎛+ − + − + − − =⎜ ⎟⎜ ⎟ ⎜⎝ ⎠ ⎝⎝ ⎠
0χ ⎞⎟⎠   (2.19) 
Figure 2-8 is a typical ternary phase diagram for the wet process. Point ‘a’ (binary 
system contained solvent and polymer) or ‘b’ (ternary system containing solvent, non-
solvent and polymer) is the original composition status point of a membrane solution. 
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After immersing a nascent membrane into a coagulant bath, solvent exchange takes 
place. The non-solvent diffuses into the membrane while the solvent diffuses out of the 
membrane. The membrane solution composition will change as a function of 
immersing time. The nascent membrane composition may change from points a or b to 
the points c, d, or e. Assuming Dn1 is the diffusion rate in which non-solvent defuses 










polymer rich (black) and
polymer lean (white) phase


















Figure 2-8. Schematic ternary phase diagram for wet process 








=          (2.20) 
Ks>1 means that the rate of solvent diffusion-out is faster than the rate of non-solvent 
diffusion-in. The thickness of a final membrane is thinner than the one of the nascent 
membrane. Therefore, the porosity of final membrane is less than the one of nascent 
membrane.  The close pores may form (route: from a or b to c). When Ks=1, the 
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quantity of solvent diffusion-out is equal to the quantity of non-solvent diffusion-in. 
The membrane porosity does not change during membrane formation process. The 
final membrane has a moderate pore size (route: from a or b to d). Ks<1 means more 
non-solvent diffuses into the membrane compared with the quantity of solvent 
diffusion-out. As a result, the final membrane is thicker than nascent membrane. Its 
porosity is greater than the one of nascent membrane. The interpenetrating network 
structure is more easily to be formed (both polymer phase and pore phase are 
continuous) (route: from a or b to e).  
• Macrovoids formation 
The formation of macrovoids is frequently observed in the process of the wet 
membrane formation. The macrovoids are huge pores compared with the membrane 
thickness. The length of the macrovoids varies from 10% to 90% of membrane 
thickness. It may have different shapes, such as tear-like, finger-like, pin-like, and so 
on. Some of the macrovoids may have openings on the membrane surface.  
Starting from the time of immersion of a nascent membrane into a coagulation bath, 
the non-solvent continuously diffuses into the membrane from the non-
solvent/membrane interface. The phase separation firstly takes place near the interface. 
Then the phase separation region extends inwards from the interface. The extension 
rate is proportional to the inverse square root of immersing time (McKelvey and Koros, 
1996). For most of common membrane solutions, the route of membrane formation in 
a ternary phase diagram will pass through the region between binodal and spinodal 
boundaries (Figure 2-8). It is a thermodynamically metastable region. How long the 
membrane composition point can ‘stay’ in this region depends upon the initial 
composition, the particular phase diagram, and K value. Classic nucleation and growth 
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mechanism may occur in this metastable region. Nuclei will be formed by overcoming 
the energy barrier for the phase separation. Generally, nuclei can grow isotropically 
until the diffusive driving forces for nuclei growth are not able to overcome the 
strength of the vitrified nucleus wall (Figure 2-9-A). The macrovoid growth is 
promoted when the nucleation is coupled with a rapidly moving front of the phase 
separation region. 
 
In the case of the moving front reaching a nucleus, the driving force for mass transfer 
across the nucleus wall increases dramatically. The nucleus changes its shape against 
the moving front (Figure 2-9-B). Rapid solvent exchange across the wall of nucleus 
makes the composition inside the nucleus similar to the composition of the external 
coagulant. This rapid solvent exchange rate has a major impact on the osmotic pressure 









































































































A. Moving front is far away from nucleus during growth B. Moving front is nearby nucleus during growth 
Vitrification status Soft Hard 
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enlarges the volume of the nucleus. The non-solvent diffuses into the nucleus from a 
‘back side’ (Figure 2-9-B) near the moving front. The liquid inside the nucleus is not 
uniform. The ‘back side’ has more non-solvents and the ‘front side’ has more solvents. 
In the earlier stage of nucleus growth, the wall near the ‘back side’ touches with the 
non-solvent first. This part of the wall becomes solidified earlier than the rest part of 
the wall. So the inner osmotic pressure has less chance to enlarge this part of the wall. 
As a result, the rest of un-solidified wall is enlarged by the osmotic pressure. Finally, a 
tear-like macrovoid is formed. The moving speed of the phase separation front will 
affect the shape of the macrovoids directly. Higher speed may form longer macrovoids 
(Finger-like as well as pin-like) (McKelvey and Koros, 1996).  
2.2.2.4 The polymer-assisted phase-inversion (PAPI) process 
Two kinds of physically compatible polymers are involved in the PAPI process. They 
are dissolved in a solvent to form a uniform membrane solution. A dense film is cast 
by using the membrane solution to form an interpenetrating polymer network (IPN). 
After complete or partial solvent evaporation, the IPN film is immersed in a liquid 
which is the solvent for one of the polymers and non-solvent for other polymers. After 
leaching out the soluble component, the insoluble network is left to form a skinless 
microporous PAPI membrane. 
2.2.3 Composite membranes 
Composite membrane technology is an approach by which the properties of the dense 
separating layer and the porous support layer could be optimized individually to a 
higher extent than other types of membranes, especially for gas separation. The 
composite membranes may have two or more discrete layers. The layers may be 
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composed of the same or different polymers. In terms of function, the porous support 
layer should be of sufficient mechanical strength, thermal and chemical resistance, and 
less mass transfer resistance; the dense separating layer may consist of high 
permselective materials, and should be sufficient thin so as to achieve high permeance. 
In some of composite membranes, there is an intermediate between the top layer and 
the substrate. Generally, the intermediate layer is referred to as the gutter layer made of 
a highly permeable material. The purpose of this layer is to enhance the adhesion 
between the top layer and the substrate and to improve the permeance through this 
multi-layer membrane as shown in Figure 2-10-D (Chung, 1996). A composite air-
separation membrane may have multiple gutter layers as demonstrated by Bruschke 
(Bruschke, 1983). The configurations of composite membranes are illustrated in Figure 
2-10. 
Selective skin (defect free) 
 
Type A 
Figure 2-10. Classification of composite membranes 






Sealing layer (homogeneous) 





Selective layer (asymmetric) 
Selective layer (dense) 
Microporous skin (porosity > 1%) 
Selective layer (dense) 
Gutter layer 
Microporous skin (porosity > 1%) 
(The materials may differ from the substrate) 
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Type A membrane in Figure 2-10-A is not a composite membrane but an asymmetric 
membrane with an integral defect-free skin. It could be directly used to separate gas 
mixture. However, the permeance may be low because of a thicker dense selective skin. 
A thinner selective skin is always expected since it could greatly increase the 
permeance. However, the decrease of the skin thickness may result in the formation of 
defects and deteriorate the selectivity dramatically. Based on the skin porosity of a 
substrate, different types of composite membranes are proposed. 
According to Henis and Tripodi’s resistance model, coating a sealing layer with high 
permeability materials on the top of the low-defect asymmetric membrane can greatly 
resume the selectivity of the selective skin (integrated on the top of the substrate) if the 
skin porosity does not exceed 10-4 % (Henis and Tripodi, 1980). The function of the 
sealing layer is to caulk the defects on the selective skin (Type B in Figure 2-10-B). If 
the skin porosity of an asymmetric substrate is greater than 1%, coating a layer of 
dense membrane on the top of the asymmetric membrane will form type C or type D 
composite membranes (Figure 2-10), in which the asymmetric substrates act only as 
support and the selectivity of the composite membranes will mainly depend on the 
coating materials.  
Figure 2-10-E shows the structure of dual-layer asymmetric composite membranes. It 
has a thin asymmetric selective layer (defect-free or low-defect) on the top of either an 
asymmetric or a microporous substrate. The dual-layer asymmetric composite 
membranes inherit all the advantages that any common asymmetric membrane has. A 
major advantage of type E composite membrane is that only small amounts of a high-
performance material are needed to form the asymmetric selective layer. The other 
advantage is that the dual-layer asymmetric composite membranes could be formed by 
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a one-step process but others may need a two-step or multi-step process. It provides the 
feasibility to apply any high-performance materials to commercial membrane 
fabrication for various applications without concerns on material cost. 
2.2.4 Membrane modification 
 Apart from the selection of a suitable membrane material and optimization of 
membrane fabrication process, the performance of a membrane, such as permeance, 
selectivity and chemical resistance etc., could also be enhanced by membrane 
modification. Some commonly used membrane modification methods are summarized 
in Table 2-2.  
Table 2-2. Summarization of membrane modification methods
(Pinnau and Freeman, 1999)
UF, GSImprovement of chemical resistanceChemical treatment by cross-linking
GSImprovement of flux and selectivityChemical treatment by fluorination
RO, NF, UFImprovement of fouling resistance
GSElimination of membrane defects
Surface coating
GS, UFElimination of membrane defectsSolvent exchange
Control of pore sizeAnnealing by solvent treatment
RO, GS, UF
Elimination of membrane defectsAnnealing by heat-treatment
ApplicationGoalMethod
 
In 1922, Zsigmondy and Bachmann modified nitrocellulose porous membranes by heat 
annealing to control the pore size. This is probably the first attempt on the 
improvement of membrane performance by modification (Zsigmondy and Bachmann, 
1922). Hoehn also reported that the selectivity of a gas separation membrane could be 
improved via the elimination of surface defects by annealing with heat treatment 
(Hoehn, 1974). Besides, vapor- or solvent-swelling can dramatically improve the 
selectivity of gas separation for polysulfone asymmetric membranes, which suggested 
that the improvement may be due to the plasticization of the selective skin layer 
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coupled with surface-tension driven cohesive forces (Rezac et al., 1994). However, 
drying an asymmetric membrane formed by the wet phase separation may cause the 
collapse of surface structure due to strong capillary forces coming from the 
polymer/water interface. This may lead to the formation of a thicker selective layer and 
thus the gas permeance declines. The capillary pressure p∆ can be described by 
Young-Laplace formula, 
2 /p rγ∆ =          (2.21) 
where γ  is surface tension of liquid. r  is the pore radius. For a water wetted 
asymmetric membrane, the condition for the collapse of surface pores during drying 
process is: 
[ ] waterpolymerModulus p< ∆        (2.22) 
The methods to decrease capillary pressure include: 
• Exchange of water with liquid having lower surface tension, such as methanol, 
ethanol, isopropanol, and hexanes (Manos, 1978). 
• Freeze-drying (Pinnau and Freeman, 1999) 
• Addition of surfactant to water prior to drying (Hayes, 1991). 
Surface coating technology is another important membrane modification method, 
which has been discussed in the section 2.2.3. 
Chemical approaches for surface modification of gas separation membranes include: 
• Halogenation (Mohr et al.., 1991) 
• Ozone treatment (Kramer et al.., 1993) 
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• Cross-linking (Riley, 1981) 
In most of the cases, the chemical approaches can improve the chemical resistance of 
membranes and result in an increase in selectivity coupled with a decrease in 
permeance. 
Besides above-mentioned approaches, ion beam irradiation provides another option for 
membrane surface modification. It was reported that ion beam irradiation could 
simultaneously increase the gas permeability and permselectivity of polyimide-ceramic 
composite membranes (Xu and Coleman, 1999).  
2.3 Applications of coextrusion approach in the preparation of asymmetric 
membranes 
The coextrusion is defined as a process to extrude two or more polymeric membrane 
solutions through a single die. Passing through the respective channels in the die, the 
membrane solutions merge and join together at the orifices. The shape and structure of 
the orifices are specifically designed to meet different requirements. The coextrusion 
can be employed to produce multi-layer sheets, blown films, cast films, tubings, wire 
coatings, profiles and other products. The advantages of the coextrusion include: 
• Each layer imparts a desired characteristic property, such as stiffness, heat-
sealability, permeability or resistance to some environments. It would be 
impossible for any single material to attain all of these properties. 
• It is able to make multi-layer, multi-functional structures in a single process. 
• It is possible to lower cost because of the reduced amount of premium and 
expensive polymer for equal performance. 
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• It provides the possibility to handle polymers that are of excellent 
permselectivity but could not form an integrated asymmetric membrane on 
their own. 
• It provides the flexibility for fabrication process. A coextrusion line could be 
used to produce single extrusion products without any modification but not vice 
versa. 
The coextrusion is not a new technology. It has been used since the early 1950s to 
improve product quality and process efficiency. However, the application of the 
coextrusion in the fabrication of composite membranes for separation was just 
implemented in the 1970s.  Up to now, the literatures accumulated in this field are very 
limited. No systemic theory is available to follow. To our best knowledge, only less 
than 50 pieces of literatures could be found world-widely by 2004. All the references 
are summarized in Table 2-3. It is noticeable that more than 60% of the literatures (24 
pieces) are patents. Moreover, it is very interesting that among all the patents, which 
dealt with hollow fiber membranes formed by the coextrusion approach, no one 
disclosed the structure and configuration of spinnerets. What can be seen in the patents 
are just some simple scratches with three channels and annular orifices as shown in 
Figure 2-11. It is probably because that the information about spinneret design is 
treated as trade secrets. 
The applications of the coextrusion approach in the preparation of hollow fiber 
membranes include dual-bath approach for surface morphology control in the 
formation of asymmetric hollow fiber membranes, melt spinning approach for the 
preparation of homogeneous and microporous composite hollow fiber membranes, 
preparation of ceramic composite hollow fiber membranes, formation of annular 
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JP08243367 JP49062380  
Figure 2-11. Some schematic drawings of coextrusion spinnerets 
adopted from patents 
2.3.1 Coextrusion in dual-bath approach 
A triple-orifice spinneret is required in this approach, in which either the middle or 
outer channel in a spinneret can be used to deliver the first coagulant. In contrast, the 
non-solvent in a main external coagulation bath is called the second coagulant. The 
inner channel is reserved for a bore fluid. All three materials are simultaneously 
extruded to the respective channels and converge at the orifice of spinneret. The 
nascent hollow fiber is immediately covered by the first external coagulant. After 
passing through an air gap, the fiber goes through the main external coagulation bath 
(the second coagulant). The resultant membranes are single layer asymmetric hollow 
fibers. The morphology of a membrane surface contacted with the first coagulant could 
be controlled by the composition and flow rate of the first coagulant.  
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Table 2-3. Summary of literatures
on co-extruding/casting & dual-layer composite membranes (to be continued)
Hollow Fiber, GS, Outer: CTA32.5%, Inner: 
CTA: 40%, H2/CH4=52Hollow fiber membranes for gas separationTsujiiToyoboJP621910191987
Hollow Fiber, RO, Melt spin; Outer: Nylon6, Inner: 
Nylon66+azodicarbonamide
Hollow bicomponent fibers for water 
desalination membranes.Hanada,Asahi ChemJP490623801974
Hollow fiber, Hemodialysis, Innerlayer: CA, outer 
layer: CA + adsorbent particles Method of producing dialyzing membraneHenneAkzoUS41644371979
Manufacture of hollow ceramic fibers having 
separation membrane at their surface
Pressure-resistant bilayer polyimide hollow-
fiber membrane preparation
Manufacture of permselective hollow yarn 
membranes
Method of making multilayer composite hollow 
fibers 
Production of semipermeable membrane 
composed of polysulfone hollow fiber
Method for manufacture of hollow-fiber porous 
Membranes
Composite hollow fibers & method of making same 
Production of multi-layer microporous membranes
Permselective composite hollow-fiber membranes
Multilayer composite hollow fibers and method 
of making same 
Manufacture of ultrafiltration membranes
Title
Hollow fiber, MF, Dual bath, single layer,
Outer layer: thickening agencyYanagimotoNOK CorpJP630927121988
Hollow fiber, UF, enhance mechanical
Properties
SakashitaNipponSteelJP632182131988
Hollow fiber, GS, Sandwich, melt spin,
JO2=4.5GPU O2/N2=3
TakemuraMitsubishiUS48029421989
Flat, MF, UrawaFuji PhotoJP620915431987
Hollow fiber, GS, Sandwich, melt spin,
JO2=4.5GPU O2/N2=3Takemura MitsubishiUS47132921987







Hollow fiber, Ceramic, different particle size
in two layersSugaiJP012800211989
Hollow fiber, GS, outer: dilute PI, Inner,
Concentrated PI, JH2=26GPU, H2/CH4=111
KusukiJP010996161989
Hollow fiber, Water filtration, adjustable pore
SizeKuzumotoJP640151041989
Hollow fiber, MF, melt spinTakemura US47418291988
Flat & Hollow fiber, UF, Delamination, AntifoulingYanagimotoJP620192051987
Description of contentsYear First authorSource
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Hollow fiber, GS, JH2=350GPU, H2/CH4=49
Novel multicomponent fluid separation 
MembranesEkinerDuPontUS50856761992
Hollow fiber, GS, PH2=39GPU H2/CH4=96
Aromatic polyimide double layered hollow fiber 
membrane and process for producing sameKusukiUbeUS51416421992
Hollow fiber, GS, Dual bath, Single layer, 
CO2/CH4=50
Preparation of asymmetric gas separation 
membranes with high selectivity by a dual-bath 
coagulation method
Van 't HofU TwenteJMS 70p171992
Hollow fiber, UF, Dual Bath, Single layer, A new spinning technique for hollow fiber ultrafiltration membranesWienkU TwenteJMS 78p931993
Hollow fiber, GS, Dual bath, Single layer
Wet spinning of integrally skinned hollow fiber 
membranes by modified dual-bath coagulation 
method using a triple orifice spinneret
LiU. TwenteJMS 94p3291994
Hollow fiber, MF, With different filler, melt 
Spin, Morphology study




Hollow fiber, MF, With different filler, melt 
spin




Hollow fiber, GS, Outer layer: PI precursor, 
solvent resistant 




Hollow fiber, Ceramic, inner: small particle, 
Outer: large particle, for cross flow filtration
Manufacture of porous ceramic multilayer 
hollow fibersAkiyamaNOK CorpJP030420241991
Hollow fiber, MF, Dual bath, Single layer, 
Middle: solvent, Outer: polymer solution.Production of porous hollow yarn membraneSasakiFuji PhotoJP021027201990
Polyimide bilayer hollow-fiber gas separation 
membranes and their manufacture






Hollow fiber, GS, improve pressure 
ResistanceYoshinagaJP022512321990
Hollow fiber, GS, improve reproducibility, 
JH2=33GPU, H2/CH4=99
YoshinagaJP021690191990
Description of contentsYear First authorSource
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Hollow fiber, GS,Outer layer: copolymer, 
Inner layer: Matrimid 5218




Hollow fiber, Annular, Immobilization of 
yeast 
Formation of annular hollow fibers for 
immobilization of yeast in annular passagesYangNUSJMS 184p1072001
Flat, Morphological studyMembranes obtained by simultaneous casting of two polymer solutionsPereiraU.Rio de JJMS 192p112001
Hollow fiber, GS, AnnularAnnular hollow fiber membranes for gas separationLiNUSSG 806042001
Flat, MFProcess of forming multilayered structuresKoolsMilliporeWO01896732001
Hollow fiber, Defect free, delamination free, 
JO2=31GPU, O2/N2=4.5
Fabrication of fluoropolyimide/polyethersulfone 
dual-layer asymmetric hollow fiber membranes 
for gas separation
LiNUSJMS 198 p2112002
Hollow fiber, for bioartificial organ with 
different properties on both layers 
Formation of porous bilayer hollow fiber 
MembranesAlbrechtGKSSMS 188p1312002
Hollow fiber, Annular, Morphological studyPreparation of annular hollow fibre membranesWangNUSJMS 166p312000
Hollow fiber, GS, Annular, ISPInternally staged permeator prepared from annular hollow fibers for gas separationLiNUSAIChE 44p8491998
Preparation of composite hollow fiber 
membranes of poly(ethylene oxide)-containing 
polyimide & their CO2/N2 separation properties
Multilayer MF membrane having an integrated 
prefiltration layer and method of making same
Surface-halogenated polyimidazopyrrolone 
gas-permselective composite hollow fiber 
membranes and their manufacture
Title
Flat, MF, one layer by one layer before 
phase separationHolzkiSeitz FilterUS56207901997
Hollow fiber, GS, Surface-halogenated, 
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Hollow fiber, GS, membrane formation, 
morphology, performance studies.
Fabrication of Matrimid/polyethersulfone dual-
layer hollow fiber membrane for gas separationJiangNUSJMS online2004
Hollow fiber, GS, surface modification by 
chemical crosslinkChemical modification of polyimidesLiuIMREUS66600622003
Morphological aspects and structure control of 
dual-layer asymmetric hollow fiber membranes 
formed by simultaneous co-extrusion approach
Double-layer hollow membranes for use in 
Bioreactors
Chemical cross-linking modification of 
polyimide/poly(ether sulfone) dual-layer hollow-
fiber membranes for gas separation
Hollow fiber membranes obtained by 
simultaneous spinning: a morphological study
Preparation of porous hollow fiber membranes 
with a triple-orifice spinneret
Preparation of composite HFmembranes: co-
extrusion of hydrophilic coatings onto porous 
hydrophobic support structures 
Title
Hollow fiber, Bioreactor, one layer is blood 









Hollow fiber, GS, structure control, 
morphological study.
Hollow fiber, GS, Surface modification by 
crosslink
Hollow fiber, Morphological study
Hollow fiber, MF, Dual bath, Single layer. 
apply solvent from outer orifice














JP: Iapan Patent; US: USA Patent; SG: Singapore patent; WO: World Patent; JMS: Journal of Membrane Science;  AIChE: AIChE Journal;
JAPS: Journal of Applied Polymer Science; MS: Macromolecular Symposia; IECR: Industrial and Engineering Chemistry Research
RO: Reverse Osmosis; 
Note:
Table 2-3. Summary of literatures
on co-extruding/casting & dual-layer composite membranes (continuous 3 of 3)
56 
The first one who applied dual-bath approach in membrane fabrication is probably 
Yanagimoto in NOK Corp. in 1988. He applied glycerin (glycerol) as thickening agent 
(the first coagulant) at the outer channel of a triple-orifice spinneret. A high-
performance polysulfone microfiltration hollow fiber membrane was prepared 
(Yamagimoto, 1988). In a way different from him, Sasaki (Fuji Photo) injected a 
solvent through the middle channel of the spinneret and a non-solvent through the 
inner channel. The membrane solution was extruded through the outer channel. A MF 
hollow fiber with high flux was obtained (Sasaki, 1990). The research group in the 
University of Twente (Netherlands) mostly focused on the dual-bath approach. Other 
than patents, the earliest journal paper related to the coextrusion in composite hollow 
fiber fabrication was probably published by Van’t Hof et al. (Univ. Twente) in the 
Journal of Membrane Science in 1992. A defect-free single-layer asymmetric PES 
hollow fiber membrane was easily obtained by applying glycerol or 1-pentanol as the 
first coagulant (Van’t Hof et al., 1992). Wienk et al. (Univ. Twente) utilized glycerol, 
1- & 2- pentanol, mixture of NMP & water, mixture of 2-pentanol & glycerol as the 
first coagulants. UF hollow fibers were prepared by the PES/PVP/water/NMP 
membrane solution. The best result was obtained from the experiment that employed 1-
pentanol as the first coagulant. Water flux is up to 275 (L m-2 hr-1bar-1) with BSA 
retention 97% (Wienk et al., 1993). Li et al. (Univ. Twente) studied membrane 
formation by the PES / Glycerol / NMP and PSf / Glycerol / NMP membrane solutions 
in conjunction with Glycerol and Glycerol / isopropanol as the first coagulant. He 
demonstrated that by applying the dual-bath approach, both asymmetric microfiltration 
and ultrafiltration hollow fiber membranes as well as integrally skinned hollow fiber 
membranes with a defect-free top layer suitable for gas separation and pervaporation 
could be prepared (Li et al., 1994). He et al.. (Univ. Twente) observed that for the dual-
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bath approach, the composition of a membrane solution close to the cloud point does 
not show significant improvement in permeability as the surface pores are large 
enough and not the controlling parameter for mass transport (He et al. 2003). 
2.3.2 Coextrusion in melt spinning process 
Melt spinning is a preferred approach for the fabrication of polymeric fibers. It can also 
be applied to hollow fiber membrane preparation. In a melt sinning process, membrane 
materials are melted with the aid of a screw extruder.  The flow rate is controlled by 
metering pumps that are capable of feeding against high back pressures without change 
in the feed rate. The nascent fibers are cooled, solidified, and collected on a take-up 
wheel.  
There are 6 references related to the coextrusion melt spinning process. Hanada and his 
colleagues in Asahi Chemicals are probably the first research group to apply the 
coextrusion approach in melt spinning hollow fibers. Their patent (JP49062380) filed 
in 1972 is also probably the earliest one among all the publications related to 
composite membranes formed by the coextrusion. They employed Nylon 6 as outer 
layers and Nylon 66 mixed with 0.3% azodicarbonamide as inner layers. The inner 
layer is fivefold thicker than the outer layer. The resultant hollow fibers could be used 
in reverse osmosis (Hanada, 1974).  
In 1987 and 1989, Takemura et al.. (Mitsubishi Rayon) disclosed methods to prepare 
ultrathin homogeneous dense hollow fibers with a porous support and a porous 
protecting layer. The structure of the resultant hollow fiber membranes is just like 
sandwich.  The material for separating dense layer may differ from the one for porous 
support and protecting layers. As an example, two kinds of polyethylenes were 
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employed to form a triple-layer composite hollow fiber membrane with a dense layer 
(melt index = 5.0; thickness = 0.6 micrometer) and two porous layers (melt index = 5.0; 
thicknesses of both support and protecting layers = 8 micrometer).  The permeance of 
oxygen was 4.5 GPU and O2/N2 = 3 (Takemura et al., 1987, 1989). In 1988, they 
demonstrated the production of microfiltration hollow fiber membranes by the same 
approach. A spinneret with two annular orifices was employed to extrude two different 
polymers. Two layers with different porosities were laminated together to form a dual-
layer composite hollow fiber membrane. The layer containing larger micropores 
(polyethylene, thickness = 45 micrometer) is designed to be thicker than the layer 
containing smaller micropores (polypropylene, 12 micrometer). The air flux of an 
example was equal to 20,000 L/(m2.hr.(0.5kg/cm2)) (20 °C), which is much higher than 
the one from a single layer membrane (polypropylene, thickness = 52 micrometer) 
formed in the same conditions (3000 L/(m2.hr.(0.5kg/cm2)) (20 °C). 
In 1995 and 1996, Nago and Mizutani (Tokuyama Corp.) reported that the composite 
hollow fiber membranes formed by the coextrusion approach could be utilized in tap 
water filtration. Both layers consist of polypropylene polymers and 
poly(methylsilsesquioxane) (PMSO) fillers. The sizes of the fillers are different for 
different layers. The smaller fillers were added into the inner layer while the larger 
fillers were used in the outer layer. The preferable thickness ratio of the inner layer 
over outer layer is 7 / 3 - 5 / 5. The resultant hollow fibers have a well interconnected 
fibrous structure parallel to the fiber axis. (Nago and Mizutani, 1995, 1996).  
2.3.3 Coextrusion in preparation of ceramic composite hollow fiber membranes  
Sugai (NOK Corp.) disclosed a method to prepare composite ceramic hollow fibers by 
the coextrusion approach in 1989. A polymeric membrane solution containing alumina 
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power with larger particle size and lower sintering temperature was prepared for the 
inner layer while the other membrane solution containing yttria powder with smaller 
particle size and higher sintering temperature was prepared for the outer layer. The 
resultant ceramic membranes had high filtration efficiency (Sugai, 1989). Akiyama 
(NOK Corp.) disclosed the similar process for the fabrication of composite ceramic 
hollow fibers. However, the inner layer contained smaller ceramic powder (0.001 to 
0.2 micrometer) while the outer layer contained larger one (0.3 to 20 micrometer). The 
fibers are useful for cross-flow filters. 
2.3.4 Annular structure formation by coextrusion approach  
As discussed in section 2.2.2.3, solvent exchange occurs during the phase separation. 
In the most of cases, the rate of the solvent diffusion-out is faster than that of the non-
solvent diffusion-in. Thus the shrinkage of membranes takes place. The shrinkage rates 
are different for different membrane solution systems. For the formation of an annular 
structure, the shrinkage rate of the outer layer solution must be lower than the one of 
the inner layer solution.  
Li et al. (NUS) first applied this principle to prepare annular hollow fibers in 1998. 
They claimed that such a structure may have potential to build an internally staged 
permeator (ISP) for gas separation. According to their simulation results, ISP is more 
efficient than normal membrane modules (Li et al., 1998, Lim and Li, 2001). 
Furthermore, Wang et al. in the same research group experimentally investigated the 
conditions of the annular structure formation in 2000 (Wang et al., 2000). To extend 
the application, Yang et al. (the same research group) explored to immobilize yeast in 
the annular gap to form a bioreactor (Yang et al., 2001). A patent that covered the 
annular hollow fibers was granted in 2001 (Li et al., 2001).   
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2.3.5 Flat composite membranes by coextrusion / co-casting:  
Besides hollow fibers, the coextrusion (or co-casting) could also benefit the formation 
of composite flat sheet membranes. 
Yanagimoto (NOK Corp) demonstrated that a composite flat membrane formed by the 
coextrusion / co-casting was of sufficient antifouling property and high resistance to 
delamination (Yanagimoto, 1987). Urawa and Ikeda (Fuji Photo) disclosed a method to 
construct a composite flat membrane by either simultaneously or sequentially casting 
approach. The resultant multi-layer microporous membranes are suitable for use in the 
filtration of a solution having a wide particle size distribution (Urawa and Ikeda, 1987). 
Holzki et al. (Seitz-Filter) invented a multi-layer flat membrane with one prefiltration 
layer (large-pore-size) and two to four final filtration layers (the pore sizes are in the 
range of 0.1~2 micrometer). The membrane solution viscosity decreases towards the 
upper layers. All the layers are sequentially cast onto one another prior to the phase 
separation of a lower layer. The integral filtration membranes have a homogenous 
symmetrical pore structure for the final filtration layer and an open-pored structure for 
the prefiltration layer. By means of the co-casting approach, it is possible for such 
membranes to obtain high throughput rates with a low tendency to be clogged (Holzki 
et al., 1997). 
Pereira et al. (Federal Univ. of Rio de Janeiro, Brazil) studied the morphology of an 
asymmetric composite flat membrane formed by alternatively co-casting PES and PEI 
onto one another. The mixtures of adipic acid/NMP and PVP/NMP are used as the 
solvents for the substrate while the mixture of THF/NMP is adopted as the solvent for 
the top layer. Their results indicated that the adhesion of both layers seemed to occur 
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when there was sufficient time for two nascent layers to interpenetrate through each 
other prior to the phase separation. The addition of PVP seemed to improve the 
adhesion between two layers (Pereira et al., 2001).  
Kools (Millipore) disclosed a procedure for the fabrication of multilayer microporous 
composite flat membranes in 2001. The differences between layers should be reduced 
to promote a robust preparation process. Higher temperatures and longer heating times 
during the heating step result in larger pore sizes and different pore gradients (Kools, 
2001). 
2.3.6 Coextrusion in fabrication of dual-layer asymmetric hollow fiber 
composite membranes:  
The dual-layer hollow fibers inherit all the advantages that belong to single layer 
asymmetric membranes, common composite membranes and hollow fibers. 
Furthermore, combining with the coextrusion approach, the preparation and application 
of dual-layer hollow fibers are almost as the same as any single-layer membranes, 
which makes dual-layer hollow fibers become a very promising configuration in the 
field of membrane separation, especially for gas separation. 
Since the dual-layer coextrusion approach integrates the phase inversion (for 
asymmetric membranes), composite membrane and hollow fiber formations together 
into one step, the mechanism of the formation of dual-layer asymmetric hollow fibers 
becomes much more complicated. The principles for the selections of membrane 
materials, solvent systems and bore fluids as well as the optimization of spinning 
conditions have to be modified to balance the membrane performance and 
compatibility of two layers. Furthermore, the fundamental description of the phase 
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inversion behavior in the dual-layer case also becomes more complicated because of 
the introduction of a new polymeric solution. The interfacial behavior between two 
concentrated polymer solutions during the phase separation must be carefully 
considered to correlate with the delamination and the interfacial resistance of mass 
transfer. 
Apart from academic considerations, there are also many challenging engineering 
issues in the formation of dual-layer coextrusion hollow fibers. For example, the 
thickness uniformity might be affected by the interlayer instability and viscous 
encapsulation. The term “interlayer instability” is used to describe the thickness change 
at the interface between two solutions, which are similar to waves on the surface of the 
ocean. It may become into a serious issue when an ultrathin layer is required. The 
viscous encapsulation is a phenomenon in which the less viscous polymer tends to 
encapsulate the more viscous polymer when they simultaneous flow through channels 
(Dooely, 2002). Therefore, the viscosities of the membrane solutions for both layers 
should be similar to each other to achieve the uniformity. In addition, it is a common 
sense that the shrinkage of a membrane takes place during the phase inversion due to 
the solvent exchange. It may occur in both axial and radial directions. The shrinkage 
rate has minor effect on single-layer asymmetric hollow fibers but serious effects on 
dual-layer fibers. It may lead to delamination between layers. The delamination has to 
be avoided as it may increase mass transfer resistance and reduce mechanical strength.  
Comparing the spinning process of dual layer with that of the single-layer hollow 
fibers, the only difference for the dual-layer process is probably the structure of the 
spinneret. The spinneret is a key element in the dual-layer hollow fiber spinning. The 
structure must be well designed to meet rigorous requirements. For gas separation, the 
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outer diameter of hollow fibers is generally between 100 and 300 micrometer and the 
diameter of the outer orifice of a spinneret is roughly around 500 to 800 micrometer. It 
is a challenging task to fit three individual concentric annular orifices in such a small 
space. The shape of membrane solution channels inside the spinneret is irregular and 
the flow of the membrane solutions in the channels is complex. How to evenly deliver 
both the inner and outer membrane solutions into the orifices is also challenging. 
Besides, the concentricity is also a very important parameter for the success of 
spinneret design. A perfect spinneret should be of symmetric solution channels and 
orifices in the 3-dimensional view. It means that not only concentric annular orifice 
cycles but also concentric annular cylinders in the spinneret are required. The spinneret 
design is a combination of structure design and machining process design.  
The earliest literature related to dual-layer asymmetric hollow fiber composite 
membranes is probably the patent invented by Henne et al. (Akzo, Netherlands) in 
1979. For the first time in the world, they applied the coextrusion approach to fabricate 
dialyzing membranes in the forms of hollow fiber, tubular foil or flat sheet by 
regeneration of cellulose from a cuprammonium solution. For the hollow fiber 
configuration, a thin inner layer (inner diameter = 100 ~ 300 micrometer, inner-layer 
thickness = 5 ~ 15 micrometer) consisting of pure semipermeable regenerated cellulose 
is firmly adhered with a thick outer layer (outer-layer thickness = 15 ~ 45 micrometer) 
consisting of regenerated cellulose and adsorbent fillers, such as active carbon, 
aluminum, zirconium etc. with the particle size of 20 to 40 micrometer. A tight 
cohesion structure is mainly due to the same material used in both layers. Furthermore, 
no particle was found to diffuse into adjacent particle free layer. A highly improved 
and surprisingly effective dialysis and adsorption can be achieved (Henne et al., 1979).  
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Yanagimoto (NOK Corp) employed polysulfone (having non-polar groups, for layer 1) 
and sulfonated polysulfone (having polar groups, for layer 2) with the same solvent to 
prepare UF composite hollow fiber membranes in 1987 (Yanagimoto, 1987). Tanaka 
and Nogi (Toray) disclosed a concentrically laminated hollow fiber membrane which 
comprises of acrylonitrile-methoxyethylene glycol copolymer for inner layer and 
acrylonitrile-Me acrylate-sodium allylsulfonate copolymer for outer layer by the 
coextrusion approach in 1987. The resultant composite membrane has an inner 
diameter of 254 micrometer, inner layer thickness of 10 micrometer and outer layer 
thickness of 22 micrometer. It was used in vitamin 12 production to separate 
CO(NH2)2 and vitamin B12 (Tanaka and Nogi, 1987). Tsujii et al. (Toyobo) employed 
CTA for both layers but different concentrations. For the case of inner / outer = 40% / 
32.5%, the selectivity of H2/CH4 of the resultant membranes is 52 (Tsujii et al., 1987). 
Two years later, their colleagues, Kuzumoto and Nitta (Toyobo), employed 
CTA/NMP/EG as the inner-layer solution and CTA/NMP as the outer-layer solution to 
prepare high flux water filtration membranes (Kuzumoto and Nitta, 1989). Sakashita et 
al. disclosed a procedure to produce composite UF membranes by the coextrusion 
approach. They used the same polymer (polysulfone) and solvent (DMF) but different 
concentrations (15% & 30%) for both layers. The resultant fibers have an outer 
diameter of 1.2 mm and an inner diameter of 0.9 mm. H2O permeability is 90 L/m2-h-
(kg/cm2) with segmental molecular weight 10,500 (Sakashita et al., 1988).  
Ube is another company who has patents in the preparation of dual-layer composite 
hollow fiber membranes. In 1989, Kusuki et al. employed a dilute polyimide solution 
for the outer layer and another concentrated polyimide membrane solution for the inner 
layer (at least 1% higher than outer solution). The resultant composite membranes are 
useful for reverse osmosis, ultrafiltration, oxygen enrichment, pervaporation, etc. 
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(Kusuki et al., 1989). In 1990, Yoshinaga et al. demonstrated a dual-layer composite 
membrane prepared from 7-25% of a polyimide solution for the outer layer and 5-25% 
another polyimide solution for the inner layer. The resultant membranes may be 
applicable for H2/CH4 separation (Yoshinaga, 1990a). In the same year, a dual-layer 
membrane formed by biphenyltetracarboxylic acid-containing aromatic tetracarboxylic 
acid, SO2-containing aromatic diamine, and C(CF3)2-containing aromatic diamine 
(outer layer) and a polymer with similar structure but with a diamine containing ≥ 2 
aromatic rings (inner layer) was introduced (Yoshinaga, 1990b).  
Another important patent related to dual asymmetric hollow fibers was filed by DuPont 
in 1992. The selections of polymers for both layers, solvents, coagulants and bore 
fluids were specified. 59 examples were disclosed in the patent. The resultant 
membranes could be used in gas separation (Ekiner et al., 1992). 
Takatake et al. (Dainippon Ink) disclosed a novel coextrusion approach for dual-layer 
hollow fiber fabrication. The membranes are prepared by the coextrusion of solutions 
containing polyimidazopyrrolone precursors (outer layer) and solutions containing the 
support polymers (Matrimid 5218) through annular nozzles. An in-situ polymerization 
of the outer layer is implemented after membrane formation. The resultant composite 
membranes have good heat and solvent resistances and durability (Takatake et al.., 
1996b). In patent JP08323169 (1996), they demonstrated another material 
configuration for coextrusion composite hollow fibers. The membranes have a dense 
surface layer made from polyimidazopyrrolones and has been chlorinated or 
chlorinated-and-fluorinated for improving permselectivity and service life. The support 
layer consists of Matrimid A-100 (polyimide) and Radel A-100 (polyether-sulfone) 
(Takatake et al., 1996c). Another patent involving the solutions of polyamic acids or 
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polyisoimides for the dense layer and the solutions of polymers for the porous support 
layer was also filed in the same year (Takatake et al., 1996a).  
Compared with the large number of patents, only a few journal papers could be found 
in the research of coextrusion dual-layer asymmetric hollow fiber composite 
membranes. In 1998, Suzuki et al. (Yamaguchi Univ) published a paper on the 
formation of dual-layer hollow fiber consisting of BPDA-PEO3/ODA (75/25) (outer 
layer) and BPDA-ODA/DABA (80/20) (inner layer). Nitrogen was employed as bore 
fluid in their study. The resultant membranes are composed of a thin outer layer (~1 
micrometer) and a sponge-like inner layer. The thicknesses of effective dense layers 
calculated from permeance data are very close to the ones of the outer layers examined 
by SEM. The permeance of CO2 = 69 GPU, selectivity of CO2/CH4 = 33 at 323K after 
one month aging (Suzuki et al., 1998). 
Albrecht et al. (GKSS) employed polysulfone/PVP/solvent system for both layers but 
the compositions are different from each other. The delamination could be eliminated 
by the modification of the spinneret structure. The preparation procedure for 
coextrusion dual-layer membranes offers the possibility to construct a support 
membrane for biohybrid organs (Albrecht et al., 2002). Their novel idea was later filed 
as a patent in 2003 (Albrecht et al., 2003). 
He et al. (Univ Twente) employed the coextrusion approach to construct a dual-layer 
membrane in which the properties of the surfaces of both layers are different. Their 
experimental work demonstrated that the coextrusion approach could be a viable 
process to fabricate surface tailored composite hollow fiber membranes in a one-step 
process, even if the hydrophilicities of the materials for both layers are significantly 
different (He et al. 2002). Pereira et al. (Federal Univ. of Rio de Janeiro, Brazil) 
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investigated the conditions that promote the adhesion of the two layers. The retention 
time of two layers touching each other before phase separation seems to be the major 
factor controlling the interpenetration of two solutions. The polymer solutions, bore 
liquid compositions and air gap have to be controlled properly (Pereira et al., 2003). 
2.4  Hollow fiber membrane modules 
2.4.1 Advantages 
Membrane module design is one of the important units in a successful membrane-
based gas separation process as shown in Figure 2-1. Among all the types of membrane 
modules, hollow fiber membrane module is the most popular one used in industrial gas 
separation. It is because that: 
• Hollow fiber membranes are self-supporting 
• They can withstand high working pressure difference 
• They have the highest area per unit volume (6,000 – 12,000 m2/m3) 
2.4.2 Literature survey on membrane modules 
Although less academic principles are involved in the preparation of membrane 
modules, membrane modules are crucial units for the successful applications of 
membrane technology. All of major membrane suppliers have considerable numbers of 
patents covering the aspects of membrane module design. In most of cases, 
technologies related to membrane modules are usually treated as trade secrets. Figure 
2-12 shows the search result in Chemical Abstract (SciFinder Scholar) using key words 
“membrane module” on June 28th 2004. The result reveals that more than 65% of 
literatures are patents.  
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Figure 2-12. Statistical result on the subject of “membrane module” in 
literatures by Chemical Abstract (SciFinder Scholar) in June 28th 2004 
 
2.4.3 Aspects of hollow fiber module structures 
The structure of a typical hollow fiber module is similar to a heat exchanger. Shell-side 
feed is favorable for the applications with high pressure difference. The other 
advantage of shell-side feed is that the feed pressure may help to collapse those failure 
fibers that inevitably exist in a small fraction in large modules. As a result, only the 
flux of the permeate decrease but the selectivity remains unchanged. However, the 
operating pressure will burst those failure fibers if the feed stream is introduced into 
module from tube-side. The results will be an increase of permeate flux and a decrease 
of selectivity. 
For the applications with lower operating pressure, tube-side feed approach may be a 
better choice, especially for the cases of a membrane with lower selectivity or a 
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product with high purity. It is due to the fact that tube-side feed can significantly avoid 
bypassing flow and eliminates back diffusion in the retentate side, therefore enhance 
the efficiency of countercurrent flow. A highly efficient countercurrent flow pattern is 
crucial for less selective membranes. The drawback of the tube-side feed operation is 
that a significant pressure drop may occur inside hollow fibers. The inner diameter of 
hollow fibers must proportionally match membrane performance such as permeance 
and selectivity. 
Some approaches in common chemical engineering could also be utilized in hollow 
fiber module design. Dow disclosed a tube-side feed module with baffles parallel to the 
fibers to enhance countercurrent flow effect (Caskey et al., 1990). The efficiency of a 
two-stage separation is higher than the one of single-stage separation process. Two-
stage separation process can also be integrated into one module shell (Trimmer et al., 
1991). Two different types of hollow fibers can be mixed together and be enclosed in 
one module shell by co-winding technology. As results, two or more components can 
be separated from the same feed in a single module (Perrin, 1989).  
2.4.4 Joule-Thomson effect 
The temperature of a non-ideal gas may change when it expands through a porous 
medium into a lower pressure space. This phenomenon is known as the Joule-Thomson 
Effect. It may also take place in a membrane process.  
In an adiabatic environment, supposing that the initial status of a high pressure gas is 
P1, V1, and T1, it changes to P2, V2, and T2 after penetrating through a membrane, the 
internal energy change ( ) for this expansion can be expressed as: U∆
2 1 2 2 1U U U PV PV∆ = − = − + 1        (2.23) 
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that is 
1 1 1 2 2U PV U PV+ = + 2         (2.24) 
Since 
H U PV= +          (2.25) 
So H1=H2. It means that the process is a constant enthalpy process. 
H is considered as the function of T and P 
( , )H f T P=          (2.26) 
so 
T P
H HdH dP dT
P T
∂ ∂⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠       (2.27) 





∂⎛ ⎞= ⎜ ⎟∂⎝ ⎠           (2.28) 
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P
      (2.29) 
The enthalpy change of a reversible process is equal to 
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µ ⎛∂⎛ ⎞ ⎛ ⎞= = − −⎜⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠
V ⎞∂ ⎟       (2.33) 
The values of JTµ  for various gases are given in Table 2-4  
Table 2-4. Joule-Thomson coefficients at 1 bar and 298K



















CO2 has highest Joule-Thomson coefficient. It should be taken into account in module 
design for CO2 separation. 
2.4.5 Packing fractions 
Packing Fraction ( ) is a very important parameter in hollow fiber module design. It 
is defined as the fraction of the net volume occupied by hollow fibers divided by the 







Φ =         (2.34) 
Ignoring the boundary effect, the ideal value of packing fraction is 0.907 for a 
hexagonally close-packed arrangement and 0.785 for a square close-packed 
arrangement (Chapter Eight). However, it is impossible to achieve in a real case. The 
preferred packing fraction in commercial hollow fiber modules is 0.45 to 0.60. Lower 
packing fractions lead to channeling of the retentate stream and require a larger shell. 
On the other hand, higher packing fractions may reduce the space for retentate flow 
and lead to higher pressure-drop. 
For industrial scale hollow fiber modules (100 or 200 mm in diameter), it is not 
difficult to attain packing fractions up to 0.45 by fitting the bundle into a shell with the 
help of a porous flexible sleeve. Packing fractions up to 0.60 can be obtained by means 
of shrinkage wrapping or vacuum (Geary et al., 1969; Bogart, 1982). Packing fractions 
above 0.65 are rarely achieved. Comparing with industrial scale modules, it is more 
difficult to achieve the same packing fraction in a laboratorial scale module with 
smaller diameter because of the size restriction and boundary effect. 
2.4.6 Tubesheets 
A tubesheet is a key element in the construction of hollow fiber membrane modules. It 
acts as a barrier to separate the retentate flow from the permeate flow and have to meet 
certain criteria. Some of them are summarized below. 
• Leak-free seal over a long working life 
• Excellent adhesion for hollow fibers 
• Good chemical and thermal stability 
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• Strong mechanical property 
• Low viscosity 
• Low chemical attack on membranes 
• Low wick-up effect along the fibers 
• Low internal stress build-up 
• Low heat generation during curing 
• Low shrinkage during curing 
74 
CHAPTER THREE 
DEVELOPMENT OF SINGLE-LAYER ASYMMETRIC HOLLOW 
FIBER MEMBRANES FOR CO2/CH4 SEPARATION 
3.1 Introduction 
The gas separation process by asymmetric polymeric membranes has received much 
attention during the last decades because of its more energy efficiency than other 
conventional separation processes (Paul and Yampol’skii, 1994; Stern, 1994). The 
membrane separation processes can be used in a wide range of applications, including 
hydrogen recovery from ammonia purge gas, enrichment of O2 and N2 from air and the 
removal of CO2 from natural gas (Koros and Mahajan, 2000). The removal of CO2 
from CH4 is very important in natural gas processing because CO2 reduces energy 
content of natural gas, the world market for natural gas is estimated approximately at 
US$ 22 billion per annum (Koros and Mahajan, 2000). In order to compete with 
traditional separation process such as amine scrubbing, it is becoming more and more 
important to advance some new polymer membrane materials for the removal of CO2 
from natural gas (Koros and Mahajan, 2000; Tabe-Mohammadi, 1999). 
Usually the selectivity versus permeability relationship of a polymer follows the 
conventional trade-off pattern where a polymer exhibiting a high selectivity has a 
relatively low permeability (Koros and Mahajan, 2000; Alentiev and Yampolskii, 2000; 
Robeson, 1991; Freeman, 1999). However, fluorinated polyimides containing (2,2-
bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride) (6FDA) shows slightly 
different characteristics. Because of –C(CF3)2 group in the dianhydride moiety, some 
of fluoropolyimides possess higher chain stiffness and free volume, thus display higher 
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selectivity and higher permeability properties (Mikawa et al., 1999; Staudt-Bickel, 
1999; Kim et al., 1988; Hirayama et al., 1996b). 
The fabrication of asymmetric polyimide hollow fiber membranes with high 
permeance and high selectivity has received significant research attention because of 
prospective applications in gas separation processes (Niwa et al., 2000; Clausi  and 
Koros, 2000; Krol et al., 2001; Yanagishita et al., 2001; Cao et al., 2002; Chung et al., 
2000). The influence of spinning conditions on hollow fiber membrane morphology 
and permeation properties were reported in the early literature, but the importance of 
membrane solution rheology on the membrane morphology and separation 
performance has received much attention recently (Chung et al.,1998, 1999, 2000; 
McKelvey et al., 1997; Aptel et al., 1985; Qin et al., 2001; East et al., 1986; Ismail et 
al., 1997; Shilton et al., 1997; Ekiner and Vassilatos, 2001; Wang et al., 2001). Two 
dominant mechanisms were found to induce molecular orientation during the phase 
inversion of hollow fiber formation. One is mainly due to the shear stress inside 
spinneret (Chung et al., 1998, 1999, 2000; Aptel et al., 1985; Qin et al., 2001; East et 
al., 1986; Wang et al., 2001) and the other is due to the elongational stress in air gap 
and coagulation bath. Chung et al. (Chung et al., 2000) found that there exists an 
optimal shear rate to yield hollow fiber membranes with balanced permeance and 
selectivity for gas separation. Ismail et al. (Ismail et al., 1997) and Shilton et al. 
(Shilton, 1997) observed that the molecular orientation is enhanced with an increase in 
shear rate. Ekiner and Vassilatos (Ekiner and Vassilatos, 2001) reported that an 
increase in draw ratio or extensional strain results in denser morphology and higher gas 
selectivity. Clearly, membrane solution rheology plays an important role in 
determining the separation characteristics of hollow fiber membranes. 
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The purpose of this study is to develop hollow fiber membranes with high permeance 
and high selectivity for the separation of CO2/CH4. Poly(2,6-toluene-2,2-bis(3,4-
dicarboxyphenyl) hexafluoropropane diimide) (6FDA-2,6 DAT) polyimide was used in 
this study due to its excellent intrinsic gas separation properties (Tanaka et al., 1992; 
Liu et al., 2001c). Previous work shows that hollow fiber membranes spun from the 
6FDA-2,6 DAT/1,4-dioxane/N-methyl-2-pyrrolidone (NMP) and 6FDA-2,6 
DAT/NMP system have impressive gas separation properties (Cao et al., 2002; 
Avrillon and Laffitte, 1997). In order to advance asymmetric 6FDA-2,6 DAT hollow 
fiber membranes with higher performance for CO2/CH4 separation, the effects of 
membrane solution rheology on the membrane morphology and gas separation 
performance of hollow fiber membranes were investigated for two different solutions 
6FDA-2,6 DAT/NMP and 6FDA-2,6 DAT/NMP/ethanol (EtOH). 
3.2 Experimental section 
3.2.1 Material preparation 
6FDA-2,6 DAT polyimide was synthesized by the chemical imidisation method in our 
laboratory. The synthesis procedure was reported clearly by elsewhere (Cao et al., 
2002). The inherent viscosity (IV) is 0.61 dl/g. NMP (>99.5%) used as a solvent was 
supplied by MERCK. All the reagents were used as received without further 
purification. 
3.2.2 Determination of solubility parameters 
Solubility parameters of solvent and non-solvent were obtained directly according to 
Hildebrand and Hansen parameters (Barton, 1983). The solubility parameter of 
polyimide 6FDA-2,6 DAT was calculated by group contributions (Van Krevelen, 
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1990). The solubility parameter difference between 6FDA-2,6 DAT and solvent or 
non-solvent can be calculated by: 
( ) ( ) ( )2,,2,,2,,, jhihjpipjdidjit δδδδδδδ −+−+−=∆ −     (3-1) 
where subscript j represents 6FDA-2,6 DAT polyimide and subscript i represents NMP, 
EtOH and H2O, t means total, d,p,h represent intermolecular forces due to dispersion 
(d), H-bonding (h), and polar aspects of a molecule (p). 
3.2.3 Fabrication of asymmetric polyimide hollow fiber membranes 
3.2.3.1 Measurement of spinning solution viscosity 
An ARES Rheometric Scientific rheometer was used to determine the viscosity of 
polymer solution at different shear rates. The experiment was carried out using a 
25mm cone-plate at room temperature. In order to study the influence of temperature 
on the solution viscosity, a Brookfield HBDV-III digital rheometer was utilised. 
3.2.3.2 Spinning procedures 
Asymmetric polyimide hollow fiber membranes were fabricated by a dry-jet wet 
spinning process. The 6FDA-2,6 DAT polyimide was dried for 2 days at 150 °C under 
vacuum. Then the polyimide was dissolved in a pure NMP or NMP/EtOH (85/15 
(w/w)) solvent and the mixture was stirred for about 3 days at room temperature. One 
solution contained 29% (w/w) 6FDA-2,6 DAT and 71% (w/w) NMP, whereas the 
other solution contained 27% (w/w) 6FDA-2,6 DAT and 73% (w/w) NMP/EtOH 
(85/15 (w/w)). Before spinning, the solution prepared was degassed under vacuum for 
3 h and then kept for 1~2 days. 
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The spinneret has an annular orifice with o.d. of 0.8 mm, i.d. of 0.5mm and annular 





−= π         (3-2) 
where v is the extrusion speed, V the volumetric flux controlled by a digital gear pump, 
R and r are outer and inner radius of the spinneret, respectively. The coagulation bath 
is filled with tap water at room temperature. After coagulation, the hollow fiber was 
taken up by a roller and stored in a water bath to remove NMP for at least 3 days. In 
order to remove the NMP and water in hollow fibers, the as-spun hollow fibers were 
immersed with fresh methanol and then hexane, three times each for 30 min. After that, 
the fibers were dried at 75 °C for 3 h in a vacuum oven. 
3.2.4 Measurement of hollow fiber separation performance 
After drying, the hollow fibers were cut into lengths of 10–15 cm and small test 
module was made with 8–10 fibers. The fiber samples were mounted in a stainless 
steel module. The testing temperature was room temperature (25±1 °C). The testing 
pressure was changed from 20 to 200 psig and the gas testing sequence was in the 
order of O2, N2, CH4 and CO2. Feed gas was fed into shell side and permeate gas was 
in bore-side of hollow fiber membranes. The gas permeation rate was determined by 
digital bubble flow meters (Optiflow 420 (0.1–50 ml/min) and 570 (0.5–700 ml/min), 
Humonics). The pure gas permeance, P/L, of the hollow fiber module can be calculated 








∆=∆= π         (3-3) 
where (P/L) is the permeance of the hollow fiber membrane (1 GPU = 1×10-6 
cm3(STP)/cm2·s·cmHg); Q the gas flow rate reading (cm3(STP)/s); ∆P the pressure 
difference between the feed side and the permeation side of the membrane (cmHg); A 
the membrane effective surface area (cm2); n the number of fibers in the module; D the 
outer diameter of hollow fibers (cm) and l the effective length of hollow fibers (cm). 
To estimate the average error of gas permeance (P/L), we follow the Bos’ approach in 
his dissertation (Bos, 1996). Since the accuracy of digital bubble flow meter is ±3% 
and the measured errors for hollow fiber diameter, pressure difference and hollow fiber 
length are about 5 µm, 0.1 psig and 0.5 cm, respectively. The relative error for gas 
permeance reported here is about ±6%. 
The ideal selectivity of an asymmetric hollow fiber membrane is defined as the ratio of 





LP=,α          (3-4) 
3.2.5 Scanning electron microscopy (SEM) 
In order to observe the morphology of hollow fiber membranes, the dried fibers were 
broken in liquid nitrogen and then sputtered with a thin layer of gold using Jeol JFC-
11-E sputtering device. The cross section and surface of the hollow fiber were 
examined with scanning electron microscope using a Jeol JSM-6700F. 
3.2.6 Apparent skin layer thickness 
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If the selectivity of a membrane is greater than 80% of the intrinsic value, the 
estimated apparent dense skin thickness may be calculated through the permeability 
coefficient. This is called the “80% rule” (Pesek, 1993). In this study, the estimated 
apparent dense layer thickness was calculated according to the ratio of oxygen 
permeability obtained from dense films and permeance obtained from hollow fiber 
membranes. 
3.3 Results and discussion 
3.3.1 Preparation of membrane solution and its rheological characteristics 
In order to prepare 6FDA-2,6 DAT/NMP solutions suitable for hollow fiber spinning, 
the viscosity of different concentration of 6FDA-2,6 DAT in NMP at 25 °C was 
measured. The data for viscosity versus polymer concentration showed in Figure 3-1 
exhibited a rapid change in slope with an increase in polymer concentration. This 
indicated a significant chain entanglement occurred at a polymer concentration of 
Figure 3-1. The influence of polymer concentration on membrane solution 
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about 29% (w/w). Thus, a 29% (w/w) 6FDA-2,6 DAT/NMP solution was prepared for 
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spinning. Meanwhile, in order to decrease the solvent compatibility and make the 
membrane solution closer to the point of incipient gelation, a three-component solution 
(6FDA-2,6 DAT/NMP/EtOH) was also prepared. The concentration of EtOH in the 
mixed solvents is 15% (w/w) and the polymer concentration is 27% (w/w). The 
solubility parameter of NMP, EtOH, water and 6FDA-2,6 DAT polyimide were listed 
in Table 3-1. In this table, it can be seen that NMP is a good solvent, while water is a 
powerful coagulant for 6FDA-2,6 DAT. EtOH is a relatively weak non-solvent 
coagulant, which could be used as a non-solvent additive to make a solution 
approaching a point of incipient gelation. The 95/5 (w/w) NMP/H2O mixture solution 
was employed as a bore fluid in order to yield hollow fiber membranes with an open 
and porous sub and inner structure. 
Table 3-1. The solubility parameters of NMP, EtOH, H2O and their 












The rheological property of spinning solutions was characterised in order to determine 
its influence on membrane morphology and gas performance. Figures 3-2 and 3-3 
show that viscosity and temperature relationship, indicating temperature affects 
solution rheological characteristics strongly. For the binary system (batch 1, 29% (w/w) 
6FDA-2,6 DAT/NMP membrane solution), the solution behaves as a shear-thinning 
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power-law fluid. The relationship between shear stress and shear rate at 70 °C can be 
described as: 
923.06.44 γσ =           (3-5) 
Figure 3-2. The influence of temperature on the rheological characteristics
of 6FDA-2,2,6 DAT polymer solution (29% (w/w), solvent:

























Figure 3-3. The influence of temperature on the rheological characteristics
of 6FDA-2,6 DAT polymer solution (27% (w/w), solvent:NMP/EtOH 85/15 


























where σ is the shear stress (Pa) and γ the shear rate (s-1). For the ternary system (batch 
2, 27% (w/w) 6FDA-2,6 DAT/NMP/EtOH solution), its relationship at 25 °C can be 
expressed as follows: 
          (3-6) 
Since its viscosity is lower than that of batch 1, the spinning temperature was 
controlled at 25 °C. The above equations indicate that both solutions are non-
Newtonian fluids. The spinning conditions for batches 1 and 2 were listed in Table 3-2. 
External coagulant 
Tap waterTap waterExternal coagulant bath
Air
NMP/water (95/5 (w/w))NMP/water (95/5 (w/w))Bore fluid
25 °C70 °C




Table 3-2. The spinning conditions of batches 1 and 2
Bore temperature
(NMP/EtOH: 85/15 (w/w))(pure NMP solvent)
27% (w/w) 6FDA-2,6 DAT29% (w/w) 6FDA-2,6 DAT
Room temperatureRoom temperaturetemperature
0.5 cm0.5 cm gap
 
The above equation was assumed to be applicable to higher shear rates and to be able 
to describe the rheological behaviour of the membrane solution within the spinneret 
during spinning. According to axial annular flow of a power-law fluid, the shear rates 
of the spinning solution near the external wall of the annular region within the 
spinneret can be calculated (Qin et al., 2001). 
3.3.2 Effect of shear rate on the performance of hollow fiber membranes 
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In order to study the influence of membrane solution shear rate on the performance of 
hollow fiber membranes, the ratio of membrane solution flow rate to bore fluid rate 
was kept constant at a value of 3.3 and the take-up speed was maintained at almost 
non-drawing speed, which is the free-falling velocity in the coagulation bath. Tables 3-
3 and 3-4 show the spinning  conditions, separation performance of resultant hollow 
O2/N2
N2O2
















Table 3-3. The spinning parameters, performance of hollow fiber 





1 Barrer = 1 × 10-10 cm3(STP).cm/cm2.s.cmHg; 1 GPU = 1 × 10-6 cm3(STP)/cm2.s.cmHg.
b: Calculated based on the O2 permeability in literature (Liu et al, 2001c) (dense film properties: O2
permeability of 10.33 barrer and O /N selectivity of 5.64 at 35 °C and 10 atm).




Table 3-4. The spinning parameters, performance of hollow fiber 






















1 Barrer = 1 × 10-10 cm3(STP).cm/cm2.s.cmHg; 1 GPU = 1 × 10-6 cm3(STP)/cm2.s.cmHg.
°a: Non-drawing speed; testing temperature, 25 C.
b: Calculated based on the O2 permeability in literature (Liu et al, 2001c) (dense film properties: O2
permeability of 10.33 barrer and O2/N2 selectivity of 5.64 at 35 °C and 10 atm).
fiber membranes and apparent dense skin thickness calculated according to O2 
permeability (Liu et al., 2001c) for batches 1 and 2. It can be seen the apparent dense 
skin thickness (near the outer skin) increases with an increase in shear rate (membrane 
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solution extrusion rate) because of the shear-induced molecular orientation. For the 
6FDA-2,6 DAT/NMP system, the selectivity for O2/N2 shows a slight decrease with an 
increase in shear rate. The phenomena of shear-induced permeance and selectivity 
decreases become much more visible for CO2 and CH4, as illustrated in Figure 3-4a 
Figure 3-5.
fiber membranes spun from batch 2 (testing pressure, 100 psi). 
(a) The influence of dope shear rate on CO2 and CH4 permeances of hollow 
(b) The influence of dope shear rate on CO2/CH4 selectivity of hollow fiber 









































































































































with increasing shear rate. The difference in selectivity trend with shear rate is 
Figure 3-4.  
(a) The influence of dope shear rate on CO2 and CH4 permeances of hollow 
fiber membranes spun from batch 1 (testing pressure, 100 psig).  
(b) The influence of dope shear rate on CO2/CH4 selectivity of hollow fiber 
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and 3-4b. For the 6FDA-2,6 DAT/NMP/EtOH system, the permeances of CO2 and CH4 
and their ratio (selectivity) are shown in Figure 3-5a and 3-5b, respectively. Similarly 
to the previous case, permeance decreases with an increase in shear rate. However, 
very interestingly and contradictory to the batch 1, the CO2/CH4 selectivity increases 
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probably due to the fact that the batch 2 has EtOH as a non-solvent additive. The 
addition of EtOH has apparently changed the rheology, precipitation path and the 
apparent skin morphology. 
The influence of shear rate on the separation performance may be reflected from the 
change of membrane structures. Morphologies of inner and outer skins, as well as cross 
sectio e 
6FDA s 
morphologies of hollow fiber membranes spun at 806 and 3225 s-1 shear rates from the 
6FDA-2,6 DAT/NMP/EtOH system are displayed in Figure 3-7. It is clear that hollow 
fiber membranes show a dense skin layer with a sponge-like structure underneath (top 
middle and bottom middle of Figure. 3-6a, top left and top right of Figure 3-7). Some 
macro-voids can be observed near the inner skin (top left of Figure 3-6a) of fibers spun 
at a low shear rate (812 s-1) because of high concentration of NMP in bore fluid. These 
macro-voids are apparently eliminated when the shear rate increases to 2436 s-1 
(bottom left of Figure 3-6a). Clearly, high shear rates modify the precipitation path, 
retard the formation of macro-voids and apparently tighten the inner cross section. 
random polymer chains recoil rapidly by clustering chain 
ns of hollow fiber membranes spun at 812 and 2436 s-1 shear rates from th
-2,6 DAT/NMP system are shown in Figure 3-6a and 3-6b. Wherea
With an increase in shear rate, the membrane structure becomes more compact as 
illustrated in Figures 3-6a and 3-7, thus increases the apparent thickness of the 
selective skin. This is consistent with the experimental data shown in Tables 3-3 and 3-
4, as well as previous reports in gas and liquid separations (Chung et al., 1998, 1999, 
2000; Qin et al., 2001; Wang et al., 2001). Since water, a powerful coagulant, was 
employed as the external coagulant, the relaxation time of polymer is too slow to 
obtain a rapid thermodynamic equilibrium at the interface between membrane solution 
and coagulation bath. The 
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water when they encounter the strong coagulant. From Figure 3-6a, one may be able to 
 rate on the inner skin morphologies of hollow fiber 
membranes sp  batch 1. (A:812 s-1; B: 2436 s-1) 
A. Inner s
(1,000×
B. Inner surface 
(1,000×)          
B. Inner surface 
(5,000× )          
B. Inner surface 
(20,000×)          
 segments into small nodular cells molecules in order to lower their interactions with 
Figure 3-6b. The influence of shear
un from
urfa
 )  
ce 
        
Figure 3-7. The influence of shear rate on the cross section and outer morpho
hollow fiber membranes spun from batch 2 (A, 806 s-1;B, 3225 s-1) 
A. Cross section (outer edge) 
(70,000× )          
B. Cross section (outer edge) 
(70,000×)          
A. Outer surface 
(40,000× )          
B. Outer surface 
(40,000×)          
logies of 
observe that the skin layers of hollow fiber membranes are mainly nodular structure 
with a diameter of approximately 25 nm or less. The nodular cells became much 
smaller with an increase in shear rate. The dense skin of hollow fiber membranes 
consists of nodules structure, which is quite different from that of thick dense films for 
the permeability measurements. The former is much vulnerable to CO2 induced 
plasticization. 
When comparing the cross-sectional edge of the outer skins between fibers spun from 
low and high shear rates, one can observe the effects of different rheological and 
membrane solution composition on skin morphology. For the binary membrane 
solution system, more skin defects occur at high shear e 3-6a top middle 
versus bottom m tem, no visible 
m (27% (w/w) AT/NMP/EtOH). In 
addition, the ternary system has EtOH as a non-solvent additive which shortens the 
precipitation path and has a less vigorous phase inversion process. 
Since chain disentanglement and solution fracture (similar to melt fracture) have higher 
tendency to occur when spinning higher viscosit solutions (Chung et al., 
20  
rates (Figur
iddle), while for the ternary membrane solution sys
increase (or changes) in skin defects (Figure 3-7 top left versus top right) at high shear 
rates. As a result, the selectivity is lowered for the binary membrane solution (Figure 
3-4b), while the selectivity is enhanced for the ternary membrane solution with 
increasing shear rates (Figure 3-5b). The cause of this difference is mainly due to the 
fact that the binary system (29% (w/w) 6FDA-2,6 DAT/NMP) has a much higher 
viscosity than the ternary syste 6FDA-2,6 D
y membrane 
00; Middleman, 1977), thus the skin defects for the binary system is much enhanced
than for the ternary system in high shear rate regions. The arrows shown in Figure 3-6a 
provide clear evidence of forming defects at the outer skin. In addition, modified 
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thermodynamics and kinetics of phase inversion process at high shear environments 
may facilitate non-uniform phase inversion at high shear rate regions (Criado-Sancho 
et al., 1991, 1995;  Wolf, 1984) and thus results in the formation of outer skin defects. 
Figure 3-6b exhibits that the inner surfaces of hollow fiber membranes are porous, 
which can reduce the transport resistance in gas separation processes. The inner surface 
spun at a shear rate of 2436 s-1 is more compact than that spun at 812 s-1. As pointed 
e nodules located in 
the inner surface, this proves that the bicontinuous structure in the inner skin was due 
to aggregation of nodules through a nucleation growth mechanism. 
The influence of take-up speed on the performance of hollow fiber membranes was 
investigated by changing the take-up speed, while keeping other spinning parameters 
out in the previous section, high shear rates modify the precipitation path, suppress the 
formation of macrovoids and tighten the inner structure. However, scanning electron 
microscopy (SEM) pictures taken at 5000 and 20,000 magnifications (Figure 3-6b) 
reveal that the inner surfaces still have bicontinuous morphologies. This is due to the 
fact that the bore fluid containing 95% (w/w) NMP caused delayed liquid–liquid 
demixing to occur at a very low polymer concentration. Nodular cells are formed by 
nucleation growth of a polymer rich phase and the diameter of those nodular cells is 
about 200–400 nm, estimated from the SEM picture (Figure 3-6b, right bottom). With 
the influx of water from the coagulation bath, the bicontinuous structure was generated 
because of nodule aggregation in the inner substructure of hollow fiber membranes. 
Some nodules without aggregation would be washed out as turbid white powders 
during solvent exchanges with methanol and hexane. Since the diameter of these non-
aggregation nodules, measured by SEM, is almost the same as thos
3.3.3 Effect of take-up speed on the performance of hollow fiber membranes 
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constant. Table 3-5 shows that the drawn fibers have both lower permeance and 
selectivity for the O2/N2 system than those of non-drawn fibers. The apparent dense 
skin thickness of drawn fibers also increases. From Figures 3-8 and 3-9, it can be seen 
a.1
Fiber take Dope Dope 

















at different take-up speeds (batch 1, 6FDA-2,6 DAT/NMP dope solution)
546.95.53.418.9190.9385.53.95
1 Barrer = 1 × 10-10 cm3(STP).cm/cm2.s.cmHg; 1 GPU = 1 × 10-6 cm3(STP)/cm2.s.cmHg.
2
 
that drawing also decreases the permeance. Similar trends were reported elsewhere 
ance of hollow 
DAT/NMP; testing pressure, 100 psig) 
a: Non-drawing speed; testing temperature, 25 °C.
b: Calculated based on the O permeability in literature (Liu et al, 2001c) (dense film 
properties: O2 permeability of 10.33 barrer and O2/N2 selectivity of 5.64 at 35 °C and 10 atm).
Figure 3-8. The influence of take-up speed on the perform














































(Chung et al., 1997c). Clearly, the reduction in permeance is mainly due to 
elongational induced molecular orientation, while the reduction in selectivity is 
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probably due to elongational induced defects, as pointed out by Chung (Chung et al., 
1997a). 
and separation performance of hollow fiber membranes. For the binary spinning 
















































The shear rate within the spinneret plays an important role in determining morphology 
Figure 3-9. The influence of take-up speed on CO2 and CH4 permeances of 
hollow fiber membranes (dope shear rate, 1624 s-1; dope solution, 6FDA-2,6 
DAT/NMP; testing pressure, 100 psig) 
3.4 Conclusions 
In order to develop asymmetric 6FDA-2,6 DAT hollow fiber membranes with high 
performance for CO2/CH4 separation, the influence of membrane solution composition 
and rheology on the morphology and gas performance of hollow fiber membranes was 
studied for two different membrane solution systems; namely, 6FDA-2,6 DAT/NMP 
and 6FDA-2,6 DAT/NMP/EtOH. The two membrane solution solutions are non-
Newtonian fluids exhibiting shear-thinning power-law behaviour. 
93 
with an increase in shear rate. When EtOH was added to the spinning solution as a 
non-solvent additive, the resultant fibers have less dense skin thickness compared to 
fibers spun from the binary membrane solution system at the same shear rate. However, 
An increase in take-u es with both lower 
permeance and selectivity than those of non-drawn fibers. Clearly, the reduction in 
e ly due to elongational induced molecular orientation, while the 
reduction in selectivity is probably due to elongational induced defects. 
interestingly, the selectivity in the ternary membrane solution system increases slightly 
with an increase in shear rate. 
From SEM pictures, the outer membrane structure of hollow fiber membranes becomes 
more compact with an increase in shear rate. The skin layer of hollow fiber membranes 
is mainly a nodular structure, which becomes much smaller with increasing shear rate. 
Shear-induced defects were observed for the binary membrane solution system. The 
open and bicontinuous structure in the inner surface of hollow fibers was resulted from 
the aggregation of nodules in the processes of nucleation of a polymer rich phase. 
p speed results in hollow fiber membran
perm ance is main
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CHAPTER FOUR 
SUPPRESSION OF CO2-INDUCED PLASTICIZATION IN POLYIMIDE 
SINGLE-LAYER ASYMMETRIC HOLLOW FIBER MEMBRANES 
4.1 Introduction 
Using asymmetric polymeric membranes for hydrogen and air separation has received 
much attention during the last two decades because membranes may offer more energy 
efficiency than other conventional separation processes (Paul and Yampol’skii, 1994; 
Stern, 1994; Koros and Fleming, 1993). With the progress in materials and membrane 
fabrication, membrane systems for the removal of CO2 in natural gas, landfill gas and 
enhanced oil recovery are becoming more competitive compared with traditional 
separation process such as amine scrubbing and so on (Spillman, 1995; Rautenbach 
and Welsh, 1993). However, glassy membrane materials when exposed to high-
pressure CO2 environments exhibit different permeability behavior because of 
plasticization induced by CO2 sorption (Wonders and Paul, 1979; Chiou and Paul, 
1987; Jordan et al., 1987). As a result, membrane permeance increases, while 
selectivity decreases. Wide-angle X-ray diffraction (WAXD) has been employed to 
investigate the plasticization mechanisms of conditioned membranes (Houde et al., 
1992; Chen et al., 2000). In the case of cellulose acetate (CA) and 
poly(methylmethacrylate) (PMMA) dense films (Houde et al., 1992 ), the increase in 
CO2 permeability with pressure was mainly due to the significant increase in the 
intersegmental spacing on exposure to high pressure CO2. However, in the case of 
polysulfone (Houde et al., 1992 ), CO2 plasticization is due to the enhanced segmental 
mobility, which is more visible than the change in intersegmental spacing. 
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Plasticization-induced selectivity drop presents a severe technical challenge to the 
commercialization of membranes for CO2/CH4 separation. Kapantaidakis et al. 
demonstrated that the critical pressures of plasticization of a polyimide (Matrimid) can 
be significantly increased by blending it with polysulfone and forming a miscible blend 
(Kapantaidakis et al., 1996). Bos et al. showed that cross-linked Matrimid films by a 
thermal treatment at 350 °C for 15 and 30 min could significantly suppress CO2 
induced plasticization. Their analyses indicated that the stabilized membrane might 
lower operational cost and shorten the payback time if the feed pressure was at 50 bar 
or higher compared with untreated membranes (Bos et al., 1998a). They also illustrated 
that materials made of interpenetration network (Bos et al., 1998b) and homogenous 
polymer blends (Bos et al., 2001) have potential to suppress plasticization phenomenon 
of gas separation membranes. Staudt-Bickel and Koros cross-linked the free carboxylic 
acid groups of a fluoropolyimide with ethylene glycol and minimized the swelling 
effects induced by CO2 (Staudt-Bickel and Koros, 1999). Krol et al. studied propylene-
induced plasticization of asymmetric hollow fiber membranes prepared with Matrimid 
5218 polyimide, and showed propylene plasticization can be effectively suppressed for 
Matrimid 5218 polyimide hollow fiber membranes if heat treatment took place at 
above 200 °C (Krol et al., 2001). Recently Liu et al. have developed an extremely 
simple room temperature chemical cross-linking technology for the modification of 
polyimides by immersing the polyimide films in a p-xylenediamine methanol solution 
(Liu et al., 2001d). The chemical structure changes during the cross-linking process 
were confirmed by FTIR, which indicated that imide groups were turned into amide 
groups during the modification process. Because of the differences in surface structure 
and morphology, hollow fiber membranes exhibit significantly different transport 
characteristics and plasticization behavior from dense flat films. Asymmetric hollow 
96 
fiber membranes tend to have loosely packed chains which are more susceptible to 
structure change and movement when exposed to CO2. Thus, asymmetric hollow fibers 
can be plasticized by a much lower CO2 pressure than dense flat films as pointed out 
by Jordan et al. (Jordan et al., 1990) and White et al. (White et al., 1995). 
The objective of this research work is to investigate the effect of heat treatment on the 
suppression of CO2-induced plasticization in polyimide asymmetric hollow fiber 
membranes. Poly(2,6-toluene-2,2-bis(3,4-dicarboxyphenyl) hexafluoropropane diimide) 
(6FDA-2,6 DAT) polyimide was used in this study due to its excellent intrinsic gas 
separation properties (Tanaka et al., 1992; Liu et al., 2001c). In order to advance 
asymmetric 6FDA-2,6 DAT hollow fiber membranes with higher performance for 
CO2/CH4 separation, the effects of membrane solution composition, rheology, and 
processing condition on membrane morphology and gas separation performance had 
been investigated in Chapter Three. In this chapter the research will focus on the CO2-
induced plasticization and the ways to suppress it. 
4.2 Experimental section 
4.2.1 Material preparation 
The polymeric material used in this chapter is the same as the one in Chapter Three 
(3.2.1). 
4.2.2 Fabrication of asymmetric polyimide hollow fiber membranes 
The fabrication procedure of 6FDA-2,6DAT asymmetric hollow fiber membranes is as 
same as the one in Chapter Three (3.2.3). 
In order to remove the NMP and water in hollow fibers, following the procedure 
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proposed by Prof. Koros group (Clausi & Koros, 2000), the as-spun hollow fibers were 
treated with fresh methanol and then hexane, three times each for 30 min. After solvent 
exchange, no visible residual trace of NMP was detected by NMR spectra (Section 
4.3.3). The fibers were then dried at 75 °C for 3 h in a vacuum oven and kept in 
vacuum for 1 day. The spinning conditions for batches 1 and 2 are listed in Table 3-2. 
4.2.3 Measurement of hollow fiber separation performance 
The procedure of performance measurement of hollow fiber membranes is similar to 
the one described in Chapter Three (3.2.4). The testing pressure was controlled from 
20 to 500 psig. 
4.2.4 Scanning electron microscopy (SEM) 
The procedures of SEM sample preparation and examination are the same as the one 
described in Chapter Three (3.2.5). 
4.2.5 Thermogravimetric analysis (TGA) 
Perkin-Elmer TGA equipment was used to perform the thermogravimetric analysis. In 
TGA experiments, the weight loss of each sample was determined as a function of 
temperature. For each run, samples were initially conditioned at 50 °C for 5 min, after 
which the temperature was increased to 600 °C at 20 °C/min. All samples were 
performed in nitrogen environment. 
4.2.6 Wide-angle X-ray diffraction (WAXRD) 
Wide-angle X-ray diffraction measurements were used to determine the d-spacing of 
dense film and hollow fiber membranes by an X-ray diffractometer (GADDS XRD 
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system, Bruker AXS) using the CuKα radiation wavelength. The broad peak center on 
each X-ray pattern was attributed to the average intersegmental distance of polymer 
chains (Houde et al., 1992). The d-spacing can be calculated by substituting the 
scattering angles (2θ) 
of the peak into the Bragg’s equation (Houde et al., 1992; Chen et al., 2000), namely 
2 sinn dλ θ=           (4.1) 
where, θ is the X-ray diffraction angle and λ = 1.54 Å 
4.2.7 1H-NMR spectroscopic analysis 
Extensive 1H-NMR experiments were performed on a Bruker DRX-400 spectrometer 
using deuterium dimethyl sulfoxide (DMSO) as the solvent. 
4.2.8 Apparent dense selective-skin thickness 
Refer to the section 3.2.6 in Chapter Three. 
4.2.9 Heat treatment procedure 
The hollow fiber membranes were placed in an oven with argon as the purge gas. The 
oven temperature was first set at 35 °C for 10 min, and then gradually increased to the 
final temperatures of 150, 250, 300, 320 °C at 10 °C/min, respectively. The hollow 
fiber membranes were kept at the final temperature for 5 min in an oven, and then 
cooled down naturally to 35 °C. 
4.3 Results and discussion 
4.3.1 The performance characteristics of 6FDA-2,6 DAT asymmetric hollow 
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fiber membranes 
There are three types of pressure dependence of CO2 permeability in glassy polymers 
(Paul and Yampol’skii, 1994; Stern, 1994; Koros and Fleming, 1993; Wonders and 
Paul, 1979; Chiou and Paul, 1987; Jordan et al., 1987; Houde et al., 1992; 
Kapantaidakis et al., 1996; Bos et al., 1998a, 1998b,2001; Staudt-Bickel and Koros, 
1999; Chen et al., 2000; Jordan et al., 1990; White et al., 1995; Sanders, 1988). Type I 
does not show plasticization phenomenon because the polymer remains in the glassy 
state and its CO2 permeability decreases with increasing feed pressure. For this type of 
polymers, the gas transport can be described by the dual-mode sorption and transport 
model. Type II shows plasticization at certain threshold pressure. At low pressures, 
CO2 permeability decreases with an increase in feed pressure following the dual-mode 
model. Above the threshold (plasticization) pressure, CO2 permeability increases with 
an increase in feed pressure, indicating the polymer has some characteristics of rubber. 
Type III exhibits plasticization immediately because the glassy polymer has typical 













































































Figure 4-1. The influence of feed pressure on CO2 and CH4 permeances (pure gas 
tests) () CO2 , (z) CH4 : 
• batch 1, membrane solution shear rate of 812 s-1, non-drawn, 7 days’ physical aging. 
• batch 2, membrane solution shear rate of 1612 s-1, non-drawn, 0 days’ physical aging. 
Figure 4-1a and 4-1b show the influence of feed pressure on the permeance of 6FDA-
100 
2,6 DAT hollow fiber membranes spun from batch 1 and batch 2, respectively. These 
figures indicate that CH4 permeance decreases, while CO2 permeance increases with an 
increase in feed pressure, implying that the hollow fiber membranes may have more 
type III characteristics for CO2. However, flat 6FDA-2,6DAT dense films show a 
different permeability versus pressure behavior (Chung et al., 2004). Similar 
discrepancy in permeability (permeance) versus pressure relationship between hollow 
fiber and flat dense membranes has been reported and explained elsewhere for 6FDA-
based polyimides and Matrimid 5218 polyimide (Krol et al., 2001; Jordan et al., 1990; 
White et al., 1995). This is due to the fact that, compared to flat dense films, hollow 
fiber membranes have loosely packed nodules in its dense selective-skin which is 
vulnerable to the CO2 sorption. 
 A.  Cross section of a dense film      













B. Cross section of a hollow fiber 1 
(near outer skin, x 40,000) 
C. Cross section of hollow fiber 2 
(near outer skin, x 70,000) 
  A. Surface of a dense film  B. Outer surface of a hollow 
(x 40,000)  fiber 1 (x 100,000) 
Figure 4-2. SEM pictures of 6FDA-2,6 DAT dense films and hollow fiber membranes 
(A) dense film; (B) batch 1, 812 s-1, non-drawn; (C) batch 2, 1612 s-1, non-drawn. 
 
Figure 4-2 shows a comparison of SEM pictures of 6FDA-2,6 DAT flat dense films 
and hollow fiber membranes. The apparent dense skin thickness of these hollow fibers 
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calculated from O2 permeability is about 500 nm (Chapter Three). The cross section of 
6FDA-2,6 DAT hollow fiber membranes (upper middle and right of Figure 4-2) is 
quite different from that of the dense film (upper left of Figure 4-2). The hollow fiber 
has a thin dense selective-skin with a sponge-like substructure underneath. The outer 
skin surface of hollow fiber membranes (lower right of Figure 4-2) consists of loosely 
packed nodules with a dimension of approximately 25 nm or less, thus may be much 
vulnerable to CO2 induced plasticization than that of compactly packed thick dense 
films (lower left of Figure 4-2). 
4.3.2 The effects of membrane solution rheology and spinning process on CO2 
induced plasticization 
In order to study the influence of membrane solution rheology within the spinneret on 
the plasticization of hollow fiber membranes, fibers spun under different processing 
conditions were prepared. Figure 4-3 shows the wide-angle X-ray diffraction spectra of 
6FDA-2,6 DAT flat dense films and free-fall hollow fiber membranes spun from batch 
1 with a shear rate of 812 s-1. The d-spacing calculated from point A is about 5.99 Å, 







Figure 4-3.  X-ray diffraction patterns of 6FDA-2,6 DAT dense films and hollow 
fiber membranes spun at a shear rate of 812 s-1, batch 1, non-drawn. 
102 
which is almost the same for both dense films and hollow fiber membranes. The shear 
induced molecular orientation can be observed (point B) for hollow fiber membranes. 
Figures 4-4 and 4-5 show the influence of take-up speed on the CO2 induced 
plasticization at two different shear rates of 812 s-1 and 1624 s-1 for batch 1 membrane 
solution. The 
free-fall (i.e. non-drawn) speeds at shear rates of 812 and 1624 s-1 were 2.18 m/min 
and 3.95 m/min, respectively. At low and high shear rates (Figures 4-4 and 4-5), the 
slopes for permeance versus feed pressure are almost the same for both non-drawn and 
drawn fibers, indicating that the CO2 induced plasticization cannot be retarded by 
drawing the hollow fibers, even though CO2 permeance shows decrease with an 
increase in take-up speed because of the enhancement in orientation (Chung, 1997a, 
1997c). Thus, manipulating membrane solution rheology in spinneret and spinning 

















































The effect of take-up speed on the relationship of CO2 permeance vs. pressure in pure gas tests for batch 1 
Figure 4-4. Membrane solution shear rate 
of 812 s-1 
Figure 4-5. Membrane solution shear rate 
of 1624 s-1 
take-up speed: take-up speed: 
(z) 2.18 m/min; ({) 4.39 m/min). (z) 3.95 m/min; ({) 8.26 m/min. 
4.3.3 The effects of heat treatment on CO2 induced plasticization 
In order to suppress CO2 induced plasticization for 6FDA-2,6 DAT hollow fiber 
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Batch 1, dope shear rate of 812 s-1 non-drawn fibers, test temperature of 25 °C; 
1 barrer = 1 × 10-10 cm3 (STP) cm/cm2.s.cmHg; 1 GPU = 1 × 10-6 cm3(STP)/cm2.s.cmHg.
a: Calculated based on the O2 permeability in literature (Liu et al, 2001c), 
dense film properties: O2 permeability of 10.33 at 35 .C and 10 atm.
1620.94.741.346.372 min at 320 ° C
1300.65.31.57.95 min at 300 ° C
877.45.92.011.85 min at 250 ° C







Table 4-1. The performance of hollow fiber membranes as a 
function of the heat-treatment temperature
membranes, different heat treatment procedures were employed. The heat-treatment 
conditions, the resulting oxygen and nitrogen performance, and the apparent dense skin 
thickness are listed in Table 4-1. Figure 4-6 shows the CO2 permeance versus feed 
pressure  relationship as a function of heat treatment temperature for 6FDA-2,6 DAT 
hollow fiber membranes, while Figure 4-7 displays the ideal CO2/CH4 selectivity of 
hollow fiber membranes with different heat treatments. It is obvious that CO2 induced 
plasticization occurs when feed pressure varies from 20 to 200 psig for untreated and 






































Figure 4-7. The effect of heat treatment 
temperature on CO2/CH4 selectivity; batch 1, 
membrane solution shear rate of 812 s-1, non-
drawn and heat treatment after 7 days’ 
physical aging and testing pressure of 100 
psig. 
Figure 4-6. The effect of heat treatment 
temperature on the CO2 permeance under pure 
gas tests ( 25°C; 150°C; | 250°C; z
300°C; S 320°C),  Batch 1, membrane 
solution shear rate: 812 s-1, non-drawn,  Heat 
treatment after 7 days’ physical aging.  
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gradually suppressed when the heat treatment temperature increases from room 
temperature to 320 °C. When the temperature is greater than 250 °C, apparently CO2 
induced plasticization can be removed completely. With an increase in heat treatment 
temperature, the ideal CO2/CH4 selectivity of hollow fiber membranes also shows a 
slight increase. This might be due to combined effects of heat treatment on the dense 
selective layer and on the permeation of gas molecules. Once the dense layer is slightly 
densified by the heat treatment (later Section), the barrier for diffusion jump is 
increased more for a big gas molecule (CH4) than for a small one (CO2). 
Figure 4-8 displays the relationship between the calculated apparent dense-skin 
thickness and heat treatment temperature. This relationship may be considered as a 
valuable guidance on how to balance the increase in apparent dense skin thickness and 
the suppression on CO2 induced plasticization for hollow fiber membranes. For 6FDA-
2,6 DAT hollow fiber membranes, the optimal heat treatment temperature may be at 
about 250 °C. This is due to the fact that, at this optimal temperature, the apparent 
dense skin thickness shows little increase compared with that of non-treated ones; 













































Figure 4-9. The effect of heat treatment temperature 
on the performance of hollow fiber membrane () 
25° C; () 150 ° C; (z) 250 ° C; ({) 300 ° C, batch 
1, membrane solution shear rate of 812 s-1, non-
drawn and 60 days’ physical aging. 
Figure 4-8. The effect of heat treatment temperature 
on the apparent dense skin thickness for hollow fiber 
membranes calculated based on O2 permeability 
(10.33 barrer), batch 1, membrane solution shear rate 
of 812 s-1, non-drawn and heat treatment after 7 days’ 
physical aging. 
Figure 4-9 shows the CO2 permeance versus feed pressure as a function of heat 
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treatment temperature at high pressures for hollow fiber membranes after aging for 60 
days. Membranes treated at above 250 °C can withstand a feed pressure of more than 
500 psig (i.e. the maximum pressure we can test in house) in pure CO2 without 
showing plasticization. 
Figure 4-10 shows the SEM pictures of cross section of hollow fiber membranes with 
FDA-2,6 DAT 
Figure 4-10. SEM pictures of 6FDA-2,  fiber membranes tr ent 
temperatures: (A) 0 ° C; (C) 320 ° C,  
A.(20,000×) 
different heat treatments. With an increase in heat treatment temperature, the hollow 
fiber membranes become more compactly packed in the outer skin and substructure 
compared with un-treated ones. This is in agreement with the reduction of permeance 
as shown in Table 4-1, Figures. 4-6 and 4-9. 
C (20,000×)  B. (20,000×) 
6 DAT hollow
25 °C; (B) 15
eated at differ
batch 1, membrane solution shear rate of 812 s-1, non-drawn. 
In order to explain the enhanced anti-plasticization characteristics of 6
hollow fiber membranes, wide-angle X-ray diffraction was used to determine the d-
spacing of apparent dense selective-skins of treated and untreated hollow fiber 
membranes. Figure 4-11 indicates that d-spacing hardly changes with heat treat 
temperature and the d-spacing is about 5.96–5.99Å for all tested 6FDA-2,6 DAT 
hollow fiber membranes. Previously, Bos et al.( Bos et al., 1998a, 1998b), Staudt-
Bickel and Koros (Staudt-Bickel and Koros, 1999), Liu et al. (Liu et al., 2001d) and 
Kuroda and Mita (Kuroda and Mita, 1989) attributed the enhanced anti-plasticization 
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characteristics to cross-linking reactions, while Kawakami et al. (Kawakami, 1996) 
ascribed the enhancement to charge transfer complex formed between benzene rings. 
In this study, heat treatment temperatures (150–320 °C) are lower than the Tg (335 °C) 
of 6FDA-2,6 DAT polyimide. The treated 6FDA-2,6 DAT hollow fiber membranes 
were found to be dissolved in the NMP solvent easily within 10 min, indicating 
thermal cross-links did not occur. Similar anti-plastcization observation has been 
reported on heat-treated but non-cross-linked Matrimid by Krol et al. for 
propane/propylene separations (Krol et al., 2001). Thus, the main causes for the 
enhancement in anti-plasticization characteristics may be arisen from better chain 
packing and nodule interaction, as well as from a more compactly packed selective 
skin induced at elevated heat-treatment temperatures. 
0







Figure 4-11. X-ray diffraction patterns of 
6FDA-2,6 DAT hollow fiber membranes with 
Figure 4-12. 1H-NMR spectrum of untreated 
6FDA-2,6 DAT hollow fiber membranes, batch 
-11, membrane solution shear rate of 812 s , non-
drawn. 
different heat treatment temperatures. 
In order to elucidate the cause of the highly packed selectively skin not caused by the 
residual NMP (i.e. dissolve the skin), but by heat treatment at elevated temperatures, an 
extensive NMR study was conducted. The characteristics peaks corresponding to NMP 
can not be found at 1.94, 2.15, 2.7 ppm as shown in Figure 4-12. It implies that the 
residual NMP in hollow fiber membranes can be neglected. The reason of forming a 
highly densified skin after heat treatment is mainly due to chain relaxation and 
enhanced nodule interaction at elevated temperatures. 
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Figure 4-13 shows the weight loss of untreated and thermally treated 6FDA-2,6 DAT 
 
temperature is below 250 °C, the weight loss of samples below the glass transition 
temperature is about 1.3%. If the heat treatment temperature is raised >250 °C, weight 
loss reduces to about 0.3% because water (water shown in the NMR spectrum (Figure 
4-12) at 3.358 ppm) has been significantly removed during the heat treatments and the 
polymer nodules are tightly packed. No considerable change in TGA spectra for 
samples heat treated at 250, 300 and 320 °C, implying 6FDA-2,6 DAT is stable at this 
temperature range and no obvious cross-linking reactions occur. 
  of membrane soluiton in spinneret and spinning process can not 
overcome effectively the CO2 induced plasticization of 6FDA-2,6 DAT hollow 
fiber membranes. 
Figure 4-13. Thermogravimetric analysis of hollow fibers after different heat treatments, batch 
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• sticization can be suppressed gradually when the heat 
• at treatment temperature, SEM pictures show that the 
• nd the d-spacing is 
• n be observed from the heat treated samples, thus the 
 
CO2 induced pla
treatment temperature increases from room temperature to 320 °C. When the 
temperature is greater than 250 °C, CO2 induced plasticization can be 
significantly removed. 
With an increase in he
outer skin and substructure of hollow fiber membranes becomes more 
compactly packed compared to un-treated ones. 
The d-spacing hardly changes with heat treat temperature a
about 5.96–5.99Å for both untreated and heat treated 6FDA-2,6DAT hollow 
fiber membranes. 
No cross-links ca
enhancement in anti-plasticization characteristics may be arisen from better 
chain packing and nodule interaction, as well as from thicker and more 
compactly packed selective skin induced at elevated heat-treatment 
temperatures. NMR spectra support our observation. 
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CHAPTER FIVE 
PREPARATION OF PI/PES DUAL-LAYER ASYMMETRIC HOLLOW 
FIBER COMPOSITE MEMBRANES BY COEXTRUSION APPROACH 
5.1 Introduction 
Asymmetric hollow fiber membranes have been widely applied to separate gaseous 
mixture in chemical industry since Henis and Tripodi invented the silicone rubber 
coating technique to block the skin defects of asymmetric membranes in the early 
1980s (Henis and Tripodi, 1981). In the past 20 years, although many potential 
polymers have been identified to be used for gas separation membranes (Koros and 
Fleming, 1993), most commercial gas separation membranes are made of a few kinds 
of commercially available polymers even if their permeability and selectivity are not 
the best compared with others (Koros and Fleming, 1993; Paul and Yampol’skii 1994). 
This may be due to the fact that materials cost plays an important role when choosing 
the best membrane system. How to utilize some of promising but expensive membrane 
materials for commercial membrane fabrication is a great challenge for chemical and 
membrane engineers. 
Dual-layer asymmetric hollow fiber membranes invented by Henne et al. (Akzo, N. V., 
Arnhem, Netherlands) provide a potential solution for costly polymers utilizing for 
membrane applications (Henne et al., 1979). The situation is similar to the Teflon-
lining steel pipe used for corrosive fluid transportation. Teflon is a perfect material for 
corrosive fluid transportation because of its good anti-corrosive property, but it is 
expensive and its mechanical strength is not strong enough for making transportation 
pipe independently. By means of coating it on the inner surface of a common steel pipe, 
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high-performance anti-corrosive pipes with affordable costs have thus been developed 
(Marshall, 1973). 
Dual-layer asymmetric hollow fibers are basically composed of two main components, 
which are made of different membrane materials. The inner-layer material is often 
chosen from conventional polymers, which has good mechanical properties. The 
function of the porous inner layer is to provide mechanical support for the outer layer. 
The preferred inner layer is to have a high surface porosity with interpenetrated bulk 
porosity, thus the resistance of gas transport through the inner layer is minimum. The 
outer layer is usually made from a high performance polymer, which has high gas 
permeability and selectivity. A dual-layer membrane may be conceptually illustrated 
by an asymmetric top layer with an integrated dense selective skin supported on a 
porous substrate with graded bulk porosity as shown in Figure 5-1. The bi-layer 
structure can be simultaneously formed by coextrusion and phase inversion in a single 
spinning process, which is the major process difference from the fabrication of 
conventional composite membranes (Chung, 1996). The one-step formation of 
composite membranes greatly saves the processing cost compared to two-step or multi-
step ones. Although the thickness of the outer layer is very thin (e.g. 5–20 µm), its 
structure may still be asymmetric. 
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Support LayerAsymmetric 











The other advantage of dual-layer hollow fibers is that it can significantly save 
materials cost. For example, when fabricating single-layer and dual-layer hollow fiber 
membranes with the same o.d. of 390 µm and i.d. of 170 µm, a dual-layer fiber with a 
top selective layer thickness of 10 µm only consumes 12% high permselectivity 
polymer if compared with that of a single-layer one. Dual-layer hollow fibers also offer 
another advantage, because it enables the use of some membrane materials, which are 
otherwise impossible or very difficult to fabricate by traditional single-layer spinning 
process due to their poor mechanical property, solubility, membrane solution viscosity 
or other problems. 
Du Pont (Ekiner et al., 1992) disclosed dual-layer hollow fiber membranes used for gas 
separation in 1992. Silicone rubber coated dual-layer hollow fiber membranes made 
from an aromatic polyamide as the outer selective layer and a polyethersulfone (PES) 
as the inner supporting layer show an O2/N2 selectivity of 6.6 with a oxygen permeance 
of 26 GPU at 28 °C (GPU: gas permeance unit; 1 GPU = 10-6 cm3/cm2-s-cmHg). Other 
polyimide/PES, aromatic polyimide MATRIMID 5218/polyetherimide (Ultem) and 
polyamide/polysulfone dual-layer hollow fiber membranes with reasonable 
performance were also reported.  
Suzuki et al. fabricated a dual-layer hollow fiber membrane composed of a thin and 
dense outer layer of poly(ethylene oxide)-containing polyimide and a porous inner 
layer of other polyimide for the separation of CO2 and N2. Their membranes showed a 
CO2 permeance of 69 GPU with a CO2/N2 selectivity of 33 at 50 °C after 1-month 
membrane fabrication (Suzuki et al., 1998). However, no detailed spinneret design and 
process parameters were given. One may have difficulties to understand how the outer 
dense layer (not an asymmetric layer) was formed. Since inert N2 was used as the bore 
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fluid, their fibers have a much higher dimensional ratio of o.d.:i.d. and thus may not 
withstand high-pressure shell-side tests. 
Li et al. and Yang et al. reported the annular hollow fiber fabrication using the 
coextrusion technique. In principle, they formed two distinct asymmetric hollow fibers 
with a gap between them. Each asymmetric hollow fiber has its own dense selective 
layer, thus the annular hollow fibers can be considered to consist of two layers of 
individual membranes and thus be utilized as an internally staged permeator for gas 
separation (Li et al., 1998) and for the immobilization of yeast in the annular gap to 
form a bioreactor (Yang et al., 2001).  
Nago and Mizutani (Nago and Mizutani, 1996) also demonstrated that double layers 
microporous polypropylene hollow fibers could be prepared by stretching double 
layered polypropylene microtubes containing poly(methylsilsequioxane) fillers, the 
microtubes were formed by a coextrusion technique. However, their membranes were 
not used for gas separation.  
In addition, all the above literatures have not addressed the fundamental and 
engineering issues on how to fabricate delamination-free dual-layer hollow fiber 
membranes. Delamination-free is essential for dual-layer membranes to withstand high 
testing pressures for industrial applications. 
The objectives of this chapter are (1) to study the fabrication principle of delamination-
free dual-layer asymmetric composite hollow fiber membranes, and (2) to explore their 
applications for air separation. We intend to fabricate hollow fibers with a reasonable 
(o.d.) : (i.d.) ratio for high-pressure tests. No gap between the dual layers is our 
preferred morphology in order to reduce substructure resistance and to fully use the 
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material strengths and functions of each layer. To accomplish our mission, a high 
performance 6FDA–durene–mPDA (50:50) copolymer was employed as the outer 
separating layer material, while a commercially available PES was employed as the 
substrate layer material. 
5.2 Experimental section 
5.2.1 Material selection 
Copolymerization is an effective approach to tailor a superior membrane material to 
get aspired permeability and selectivity for a specific separation process. The 
permeability of a copolymer could be predicted by following equation (Barnabeo et al., 
1975). 
         (5.1) ln lniP φ=∑ iP
where iφ  is the volume fraction of component i, and  is the gas permeability in 
component i.  
iP
6FDA-durene has high O2/N2 selectivity and low O2 permeability and 6FDA-mPDA 
exhibits low O2/N2 selectivity and high O2 permeability. Figure 5-2 is the molecular 
structure of 6FDA-durene/mPDA copolymer formed from copolymerization of these 
two polyimides. The permeability of resultant copolymers varies as the change of the 
ratio of two polyimodes in the molecular structure. By means of the equation (5.1), the 
Figure 5-2. Molecular structure of 6FDA-durene/mPDA co-polyimide 
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permeability of the copolyimides could be predicted. Figure 5-3 demonstrates a good 
correlativity between volume fractions and permeabilities of 6FDA-durene and 6FDA-
mPDA co-polyimides (Chung et al., 2001). A copolymer (50:50) synthesized from 
above polyimides reveals a moderate selectivity and permeability as shown in Table 5-
1. In this study, it is employed as the membrane material for top selective layer.  
























6FDA mPDA 6FDA Durene 
Figure 5-3. Effect of 6FDA-durene/6FDA-mPDA ratio on the permeability of 
6FDA-durene/mPDA copolyimide. 
Table 5-1. O2 permeability  and O2/N2 selectivity of 6FDA-durene, 6FDA-
mPDA, and 6FDA-durene/mPDA(50:50) (35 °C, 10 atm)
4.723.43.31157.12.5
O2/N2O2 (Barrer)O2/N2O2 (Barrer)O2/N2O2 (Barrer)
6FDA-durene/mPDA(50:50)6FDA-durene6FDA-mPDA
This co-polyimide was synthesized in our laboratory as follows. A stoichiometric 
6FDA was added to a durene diamine and mPDA solution of N-methyl-2-pyrrolidone 
(NMP) with stirring under argon at ambient temperature. After reaction for 24 h, acetic 
anhydride and triethylamine (with a mole ratio of acetic anhydride:triethylamine to 
6FDA to be 4:1) were slowly added to the solution to induce imidization for 24 h. 
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After precipitation in methanol, the polymer was filtered and dried under 150 °C in 
vacuum for 24 h. Its intrinsic viscosity was measured by using a capillary viscometer 
and the value is 1.10 dl/g in NMP at 25 ºC; Mn and polydispersity were measured by a 
GPC (Waters 2690) and the values are 96,100 and 2.18, respectively. This polymer has 
an intrinsic O2 permeability of 23.4 Barrers (1 Barrer = 10-10 cm3-cm/cm2-s-cmHg) 
with an O2/N2 selectivity of 4.7. Other gas separation properties can be found 
elsewhere (Chung et al., 2001). Radel A-300P NT PES is chosen as the supporting 
layer material. It was purchased from Amoco Polymers Inc. with a melt flow index of 
32.3 dg/min (test method: ASTM D1238). 
A mixture of N-methyl-2-pyrrolidone (NMP, from Merck Schuchardt, purity = 99%) 
and tetrahydrofuran (THF, from J.T. Baker, purity 99.8%) with the ratio of NMP:THF 
= 5:3 (by weight) was used to prepare the spinning solution in this study. Methanol 
(from J.T. Baker, purity = 100%) and hexanes (from EM Science, an associate of 
Merck, purity = 98.5%) were used as received to perform solvent exchange for the 
dual-layer hollow fibers prepared. 
5.2.2 Spinning solution preparation 
Significant data suggest that a higher polymer concentration can reduce the formation 
of defects on the skin layer of asymmetric gas separation membranes (Kesting and 
Fritzsche, 1993; Chung et al., 1992, 1997d; Wang et al., 2000). Apparently, there is a 
critical concentration exists. Above the critical concentration, relationship (i.e. slope) 
of membrane solution viscosity versus membrane solution concentration is 
dramatically different from that below the critical concentration. This difference is 
mainly due to different degrees of polymer chain entanglement. The optimal 
concentration for asymmetric gas separation membrane may be obtained at a 
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concentration equal to or slightly higher than the critical membrane solution 
concentration (Chung et al., 1997d). However, the gas permeance, in most cases, may 
be reduced with an increase in membrane solution concentration. Figure 5-4 shows that 
the critical concentration for our study is about 26 wt.%. The viscosity was measured 
by using an ARES Rheometer at 25 °C, shear rate: 10 s-1), thus spinning solution 
concentrations equal to 26% of solid concentration were selected for the outer selective 
layer in this study. A mixture of NMP and THF with a ratio of 5:3 was used to prepare 




















shear rate = 10 / sec
Figure 5-4. Critical concentration for 6FDA durene / mPDA 
in a 5 / 3 NMP / THF mixture 
5.2.3 Dual-layer spinneret design and spinning devices 
Figure 5-5-1 illustrates the dual-layer spinneret design in our laboratory. Comparing 
with the conventional design (Li et al., 1998), one may find the major difference is the 
outer membrane solution passage. Figure 5-5-2 shows the enlarged pictures of the 
conventional and current designs. In the conventional design, the outer membrane 
solution passes through a short cone-shape distributor before being delivered to the 
nozzle. The distribution of polymer solution is inevitably uneven at the nozzle orifice, 
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thus leads to an uneven outer-layer thickness when a dual-layer hollow fiber is formed 
(Wang et al., 2000). A uniformly thin outer layer is hardly achieved by using the 
conventional spinneret. In this study, an assembly passage for the outer spinning 
solution was firstly introduced into the design of dual-layer spinnerets. It includes one 
annular distributor, several cylindrical shape distributors and one cone shape 
distributor. In this assembly, a group of cylindrical shape distributors joins the annular 
distributor and the cone shape distributor together. The outer-layer polymer solution is 
fed into the annular distributor from the inlet. After passing through the group of 
cylindrical shape distributors, the polymer solution is re-distributed in the cone shape 
distributor. Then the polymer solution is further extruded from the nozzle orifice to 
form the outer layer of dual-layer hollow fibers. The new spinneret greatly enhances 
the uniformity of polymer solution distribution in nozzle orifice. Therefore, a thinner 














5-5-2: The structure of outer membrane 5-5-1: Over all 
Figure 5-5. Structure of dual-layer spinneret 
As shown in Figure 5-5-2, the outer-layer polymer solution, inner-layer polymer 
solution and bore fluid are delivered to the orifice by passing through three 
independent channels. The dimensions of these three channels are φ 1.10mm (o.d. of 
the outer orifice), φ 0.84:0.70mm (o.d.:i.d. of the middle tube) and φ 0.37:0.25mm 
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(o.d.:i.d. of the inner tube), respectively. The depth of the outer-layer polymer solution 
passage is 1.00 mm, while the depth of the inner polymer solution passage is 2.00 mm. 
The bore fluid passage has a depth of 4.00 mm. The most difficult parts of spinneret 
design are precision and channel alignment.  
Figure 5-6 shows the dual-layer asymmetric hollow fiber spinning process. To run the 









 dual-layer hollow fiber spinneret, two metering pumps (Zenith® B-Series from Parker 
Hannifin Corporation Zenith Pumps Division) were employed to deliver inner and 
outer polymer solutions. For the inner polymer solution, the module number of 
metering pump is BPB5596 with a flow rate of 0.160 ml/rev; for the outer polymer 
solution, the module number is BPB5566 with a flow rate of 0.066 ml/rev. The bore 
fluid was delivered using a syringe pump (ISCO 100DX from ISCO Inc.), three pieces 
of 15 µm on-line filter (from Swagelok Marketing Co.) was installed in the system to 
prevent the spinneret from blocking. As an auxiliary device, a solvent cleaning system 
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was embedded into the spinning system so that the spinneret can be cleaned up 
immediately after spinning. 
Before spinning, both PES substrate layer solution and 6FDA–durene–mPDA (50:50) 
selective layer solution were filtered and then degassed for 24 h. Nitrogen with 1 bar of 
pressure was fed into the tanks as backpressure. Both polymer solutions first passed 
through 15 µm on line filters and then were delivered to the spinneret by metering 
pumps. The outer polymer solution flow rate was 0.2 ml/min, while the inner polymer 
solution flow rate was 0.6 ml/min. The spinneret temperature was controlled in a range 
of 25–60 °C. The bore fluid composition used was either water or a 95:5 (in weight) 
mixture of NMP and water with a flow rate of 0.1–0.3 ml/min. The nascent dual-layer 
hollow fiber membrane passed through an air gap with a specific distance at ambient 
temperature, and was then immediately drawn into a coagulation bath. Tap water with 
Table 5-2. Spinning conditions of dual-layer hollow fiber membranes
* Preferred conditions to yield dual layer membranes for gas separation 
Parameters Values
Outer-layer dope composition: 26% 6FDA durene/mPDA (50:50) in the mixture of NMP / THF = 5 / 3
Outer-layer dope viscosity: 30600 cP (25°C share rate = 10 s-1)
Outer-layer dope flow rate: 0.2 ml/min
Inner-layer dope Composition: 28 - 34% PES in the mixture of NMP / water = 10 / 1 (28%*)
Inner-layer dope viscosity: 10900 cP (25 °C, share rate = 10 s-1)
Inner-layer dope flow rate: 0.6 ml/min
Bore fluid composition: 0 - 95 wt% NMP in water (95%*)
Bore fluid flow rate: 0.1 - 0.3 ml/min (0.2 ml/min*)
Spinneret temperature: 25 - 60 °C (60 °C*)
Air gap length: 0.3 - 9 cm (0.3 cm*)
Coagulant: Tap water
Coagulant temperature: 25 °C
Take up rate: 300 - 500 cm/min (400 cm/min*)
Aging time: 3 days in water
Post treatment: 3 times of solvent exchange in methanol 30 min each, followed by 3 
times of solvent exchange in hexanes 30 min each, then relocate to 
vacuum oven, 35°C 30 min, 45°C 30 min, 55°C 30 min 65°C 30 min, 
75 °C 60 min, cooling down naturally.
room temperature was used as the coagulant in this study. The as-spun dual-layer 
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hollow fiber was stored in water for 3 days. The details of spinning conditions are 
listed in Table 5-2. 
5.2.4  Post-treatment 
After immersion in water for 3 days, the as-spun dual-layer hollow fiber membranes 
were sent to post treatment without further drying. The procedure of post-treatment is 
as follows: 50 pieces of fiber segments of 30 cm length were put together to form a 
bundle. Four to six bundles were treated in one batch. The fiber bundles were 
immersed into fresh methanol in a 200-ml cylinder for 30 min. The same procedure 
was practiced three times, then the bundles were immersed to fresh hexanes three times 
and each time took about 30 min. The hexanes treated bundles were exposed in air for 
30 min pre-drying and subsequently were relocated in a vacuum oven for heat 
treatment. The heat treatment sequence is as follows: (1) apply vacuum; (2) set oven 
temperature to 35 °C for 30 min; (3) 45 °C for 30 min; (4) 55 °C for 30 min; (5) 65 °C 
for 30 min and (6) finally set the temperature to 75 °C for 1 h; (7) stop the vacuum and 
heating; (8) cool down naturally and take the bundles out. 
5.2.5 Evaluation of separation performance 
Testing modules consist of 10 pieces of dual-layer fibers with a length of 20 cm. One 
end (close-end) was sealed by a quick curing epoxy (Araldite® from Ciba Performance 
Polymer; the ratio of epoxy to hardener is 1:1), while the other end (open-end) was 
glued with metallic holder by using a common epoxy resin (H-711 from Tianjin 
Jindong Chemical Plant, Tianjin, PR China; and hardener #105 from Chang Sha 
Institute of Chemical Engineering, Chang Sha, PR China; the ratio of epoxy to 
hardener is 4 : 1). The permeance of modules was measured at room temperature in the 
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∆=∆= π         (5.2) 
where P is the permeability of the dense separating layer (Barrer), L the thickness of 
the dense layer (cm), Q the flow rate of pure gas(cm3/s), n the number of fibers in one 
testing module, D the o.d. of the testing fibers (cm), l the effective length of the 
modules (cm), and ∆P the gas pressure difference cross the membrane (cmHg). We use 





LP=/α         (5.3) 
The dense layer thickness is calculated by the following equation: 






L = ,       (5.4) 
where PO2 is obtained from the permeability data of a dense film. Table 5-3 
summarizes the values of permeability for the material used in this study. The dense 
films were cast using the procedure described in the literature (Liu et al., 2001). 
Table 5-3. Properties of 6FDA durene mPDA dense films
PO2 PN2 O2/N2
Film 1 23.9 5.1 4.7
Film 2 24.0 5.2 4.6
Average 24.0 5.1 4.7
6FDA Durene/mPDA 
Dense film
Permeability of pure gas
(Barrer at 35 °C, 147 psi) Ideal selectivity
 
122 
5.3 Results and discussion 
5.3.1 Formation of delamination-free dual-layer membranes 
Delamination between the dual layers was often observed in the dual-layer asymmetric 
hollow fiber spinning process. The delamination may lead to weak membrane 
mechanical properties and also possibly create a dense inner layer structure which 
results in additional substructure resistance. The main cause for delamination may be 
due to different shrinkage rates between outer and inner layers when the dual-layer 
asymmetric hollow fiber membrane is formed by the phase inversion mechanism. 
Several approaches were explored to overcome it. 
Figure 5-7 shows the cross-sectional image of dual-layer asymmetric hollow fiber 
Figure 5-7. Delamination - effect of air gap
A. Air gap = 0.3 cm
100 µm
B. Air gap = 3 cm
100 µm
C. Air gap = 9 cm
100 µm
Parameters Values
Outer-layer dope composition: 26% 6FDA durene/mPDA (50:50) in the mixture of NMP / THF = 5 / 3
Outer-layer dope flow rate: 0.2 ml/min
Inner-layer dope Composition: 28% PES in the mixture of NMP / water = 10 / 1
Inner-layer dope flow rate: 0.6 ml/min
Bore fluid composition: 95 wt% NMP in water
Bore fluid flow rate: 0.2 ml/min
Spinneret temperature: 50 °C
Air gap length: 0.3 - 9 cm
Take up rate: 300 - 500 cm/min
 
membranes for different air gaps under an optical microscope (Nikon, Module No. 
OPTIPHOT2-POL). The air gap was changed from 0.3, 3 to 9 cm. No improvement on 
delamination was observed until the air gap was significantly increased (i.e. 9 cm). 
This may be due to the fact that the gravity-induced elongation speeds up the spinning 
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process, thins down the fiber dimension and wall thickness; thus tightening the gap 
between the dual layers. However, the side effect of gravity-induced elongation is the 
introduction of unstable spinning. Figure 5-7C illustrates the example that shows an 
uneven distribution of fiber size. 
Figure 5-8 displays the cross-sectional review of dual-layer hollow fibers spun under 
Figure 5-8. Delamination - effect of spinneret temperature
A. 25 °C B. 50 °C C. 60 °C
100 µm 100 µm 100 µm
Parameters Values
Outer-layer dope composition: 26% 6FDA durene/mPDA (50:50) in the mixture of NMP / THF = 5 / 3
Outer-layer dope flow rate: 0.2 ml/min
Inner-layer dope Composition: 28% PES in the mixture of NMP / water = 10 / 1
Inner-layer dope flow rate: 0.6 ml/min
Bore fluid composition: 95 wt% NMP in water
Bore fluid flow rate: 0.2 ml/min
Spinneret temperature: 25 - 60 °C
Air gap length: 0.3 cm
Take up rate: 400 cm/min
 
different spinneret temperatures. The result indicates that the delamination is 
insensitive to the change in spinneret temperature from 25 to 60 °C. In order to 
examine whether the bore fluid composition can reduce delamination, two extreme 
cases were investigated in this study. Both water and a 95:5 (weight ratio) NMP and 
water mixture were used as the bore fluid. Figure 5-9 shows the fiber images. Clearly, 
bore fluid plays an important role on the interface delamination. A powerful coagulant 
like water induces rapid precipitation at the inner lumen skin and through the inner 
layer, and as a result, the inner layer has a bigger lumen diameter as well as a slightly 
larger outer diameter. Thus, the gap between the two layers disappears. However, 
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using water as the internal coagulant has an adverse effect, which will be discussed in 
the next section. 
Figure 5-9. Delamination - effect of bore fluid
A. NMP 95% in water B. Pure water
100 µm 100 µm
Parameters Values
Outer-layer dope composition: 26% 6FDA durene/mPDA (50:50) in the mixture of NMP / THF = 5 / 3
Outer-layer dope flow rate: 0.2 ml/min
Inner-layer dope Composition: 28% PES in the mixture of NMP / water = 10 / 1
Inner-layer dope flow rate: 0.6 ml/min
Bore fluid composition: 0 - 95 wt% NMP in water
Bore fluid flow rate: 0.2 ml/min
Spinneret temperature: 50 °C
Air gap length: 0.3 cm
Take up rate: 400 cm/min
 
The effect of the polymer concentration of inner-layer solution on delamination was 
also studied. Figure 5-10 shows that the delamination was significantly reduced when 
Figure 5-10. Delamination - effect of the concentration of inner-layer dope
A. PES 28% B. PES 30% C. PES 34%
100 µm 100 µm 100 µm
Parameters Values
Outer-layer dope composition: 26% 6FDA durene/mPDA (50:50) in the mixture of NMP / THF = 5 / 3
Outer-layer dope flow rate: 0.2 ml/min
Inner-layer dope Composition: 28 - 34% PES in the mixture of NMP / water = 10 / 1
Inner-layer dope flow rate: 0.6 ml/min
Bore fluid composition: water
Bore fluid flow rate: 0.2 ml/min
Spinneret temperature: 60 °C
Air gap length: 0.3 cm
Take up rate: 400 cm/min
the PES concentration increased from 28 to 34 wt.%. The main cause of this 
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improvement is due to the fact that an inner-layer solution containing a higher solid 
concentration has a less radial dimensional shrinkage after precipitation; thus narrows 
and eliminates the gap between the two layers. 
Figure 5-11 displays the effect of post-treatment process on dual-layer cross-sectional 
morphology and shows that the post-treatment process can reduce dramatically 
Figure 5-11. Delamination - effect of the post treatment process (x 100)
B. After post treatmentA. Before post treatment
100 µm 100 µm
Parameters Values
Outer-layer dope composition: 26% 6FDA durene/mPDA (50:50) in the mixture of NMP / THF = 5 / 3
Outer-layer dope flow rate: 0.2 ml/min
Inner-layer dope Composition: 28% PES in the mixture of NMP / water = 10 / 1
Inner-layer dope flow rate: 0.6 ml/min
Bore fluid composition: 95 wt% NMP in water
Bore fluid flow rate: 0.2 ml/min
Spinneret temperature: 60 °C
Air gap length: 0.3 cm
Take up rate: 400 cm/min
Post treatment:
3 times of solvent exchange in methanol 30 min each, followed by 3 
times of solvent exchange in hexanes 30 min each, then relocate to 
vacuum oven, 35°C 30 min, 45°C 30 min, 55°C 30 min 65°C 30 min, 
75 °C 60 min, cooling down naturally.
 
delamination. The post-treatment process was described in the Section (5.2.4.) Clearly, 
the solvent exchange conducted in the post-treatment process relaxes residual stresses 
in both inner and outer layers and make them in compliance to each other. 
5.3.2 Fabrication of 6FDA–durene–mPDA/PES dual-layer asymmetric 
membranes for gas separation 
Using the above spinning technology, we have fabricated 6FDA–durene–mPDA/PES 
dual-layer asymmetric hollow fibers for gas separation. The spinning conditions and 
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bore fluid chemistry are given in the parentheses of Table 5-2. Figure 5-12 shows the 
dimension and cross-sectional morphology. The i.d. is about 170 µm, while the o.d. is 
around 390 µm. The wall thickness of the outer layer is uniform with a thickness of 
about 10 µm. The structure of this layer is asymmetric. Nodules may be roughly 
observed on the edge of the outer dense selective skin. The inner layer has a thickness 
of 100 µm with finger-like macro-voids and a fully interconnected porous structure. 
Figure 5-12. Cross-sections of 6FDA durene-mPDA/PES dual-layer asymmetric hollow fibers, 
A: near the edge of the outer skin, B: interface, C: inner edge of the inner layer




No delamination can be detected at the interface. Figure 5-13 exhibits the 
Figure 5-13. Surfaces of 6FDA durene- mPDA / PES dual-layer asymmetric 
hollow fiber, A: outer skin of the outer layer, B: outer skin of the inner layer, 
C: inner lumen skin of the inner layer
A: Scale bar: 100 nm C: Scale bar: 50 µmB: Scale bar: 1 µm
 
morphologies at various skin locations. No visible defects can be observed on the outer 
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skin, whereas the inner lumen skin is fully porous. The outer skin or interfacial skin of 
the inner layer is porous. 
The morphology of interface between inner and outer layers is a key factor to yield 
high-performance dual-layer membranes for gas separation. Since the inner surfaces of 
outer layers always exhibit a porous structure, how to form porous outer surfaces of 
inner layers is very important for the reduction of gas transfer resistance. The Du Pont 
patent (Ekiner et al., 1992) employed pore-forming agents, such as inorganic salts and 
polyvinyl pyrrolidone, in the inner-layer solution to achieve a porous outer surface. We 
overcome it by preparing the PES inner-layer solution in a mixture of NMP and water. 
The weight ratio of NMP:water is 10:1, which is close to the boundary of phase 
separation for the PES inner solution. The water acts as a non-solvent. It promotes the 
formation of a porous outer surface and an interpenetrated wall in the inner layer. 
Besides polymer solution composition, bore fluid composition can also affect the 
structure of outer surface of inner layers. Figure 5-14 shows a comparison of the outer 
surface of the PES inner layer. There is almost no surface porosity created if water was 
employed as the bore fluid. 
B: Scale bar: 1 µm A: Scale bar: 1 µm
Figure 5-14. The morphology of the outer interface skin surface of the PES 
inner layer. The dual layer membranes were prepared using : 
A) water as the bore fluid, B) NMP/Water (95/5) as the bore fluid. 
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5.3.3 Separation performance of 6FDA–durene–mPDA/PES dual-layer 
asymmetric hollow fiber membranes 
Table 5-4 summarizes gas separation performance of 6FDA–durene–mPDA/PES dual-
layer asymmetric hollow fibers. The dense layer thickness calculated based on oxygen 
data is about 0.85 µm. The ideal O2/N2 selectivity is about 4.6 which is very close to 
the intrinsic value (4.7), indicating the dual-layer hollow fiber membranes are 
apparently defect-free. Future work will be concentrated on how to reduce the 
thickness of the dense selective layer. 




Module 1 24.9 5.3 4.7 959
Module 2 31.0 6.8 4.5 771




Permeability / L of pure gas
(GPU** at 25 °C, 200 psi) Ideal selectivity
*   Polymer Information: the intrinsic viscosity = 1.10dl/g; Mn = 96100; polydispersity = 2.18
** GPU=Gas Permeability Unit, 1 GPU = 1x10-6 cm3/cm2-s-cmHg
5.3.4 Conclusions 
We have fabricated dual-layer asymmetric hollow fibers with a defect-free dense 
selective skin and delamination-free interface using a co-extrusion and dry-jet wet-
spinning phase inversion technique for air separation. A 6FDA–durene–mPDA 
copolymer (50:50) was applied to form the asymmetric outer layer, while a 
commercially available PES was used to form the interconnected microporous inner 
layer. Both inner and outer skins of the inner layer are of porous structure. Pure gas 
permeance test results show that the O2/N2 selectivity of the dual-layer asymmetric 
hollow fiber is about 4.6, which is very close to the intrinsic value of the outer-layer 
material (4.7) with an O2 permeance of around 28 GPU at room temperature. 
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The concept of assembly passage was firstly introduced into the dual-layer spinneret 
design for high viscosity outer spinning solution transportation. As a result, a 
uniformly thin outer layer (10 µm) with asymmetric structure was achieved. The 
effects of spinning conditions on delamination were discussed in details. Inner-layer 
polymer solution composition, bore fluid composition as well as post-treatment process 




MORPHOLOGICAL ASPECTS AND STRUCTURE CONTROL OF 
DUAL-LAYER ASYMMETRIC HOLLOW FIBER MEMBRANES 
FORMED BY A SIMULTANEOUS CO-EXTRUSION APPROACH 
6.1 Introduction 
Differing from other composite membranes, the dual-layer asymmetric hollow fiber 
membranes are formed by simultaneously extruding two different polymer solutions 
and one bore fluid through a triple-orifice spinneret. The structures of both inner and 
outer layers in a dual-layer hollow fiber membrane are asymmetric. The inner layer 
acts as a substrate to provide necessary mechanical support while the outer layer serves 
as a functional barrier for gas separation. The principles of material selection for these 
two layers are different. Ordinary engineering polymers that have low cost, excellent 
mechanical, thermal and membrane-formation properties are the preferred candidates 
for the inner layer; high performance polymers with excellent permselectivity and 
permeability are highly desirable for the outer layer. Compared with single-layer 
asymmetric hollow fiber membranes, the dual-layer ones spun from a simultaneous 
extrusion process is more attractive because of the following reasons, 
• Not only could it keep all the advantages of asymmetric membranes, but also 
would greatly save the cost of high performance materials as much as 95% or 
even more, depending on the ratio of the inner to the outer layer thicknesses; 
• By means of the inner supporting layer and co-extrusion process, it makes 
possible to deploy brittle but highly selective and permeable materials as the 
selective layer to form a composite membrane; 
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• The simultaneous co-extrusion approach eliminates the secondary step of 
depositing a selective layer upon hollow fiber membranes, thus makes the 
production of dual-layer asymmetric hollow fiber membranes much more 
straightforward and cost effective compared to the preparation of other types of 
composite membranes. 
To our best knowledge, the study of dual-layer asymmetric hollow fiber membranes 
formed by the phase-inverse process started from late 1970’s. In 1979, Henne et al. 
disclosed the first dual-layer asymmetric hollow fiber composite membrane for 
hemodialysis (Henne et al., 1979). In 1987, Yanagimoto invented dual-layer 
asymmetric flat sheet and hollow fiber membranes to improve the antifouling 
properties of membranes for ultrafiltration and microfiltration (Yanagimoto, 1987, 
1988). Since then, Kuzumoto et al. simultaneously extruded inner and outer 
membranes containing the same polymer but different solvents and additives to 
improve water permeability (Kuzumoto and Nitta, 1989). Kusuki et al. found that co-
extruding a diluted polyimide solution to form the outer layer and a concentrated one 
to form the inner layer could improve the reproducibility of membrane production 
(Kusuki, 1989). Yoshinaga et al. reported that dual-layer hollow fiber membranes spun 
from a concentrated outer-layer polymer solution and a diluted inner-layer polymer 
solution could improve permeability, while those spun from a diluted outer-layer 
polymer solution and a concentrated inner-layer polymer solution could improve 
pressure resistance property (Yoshinaga et al., 1990a, 1990b). Ekiner et al. disclosed 
the procedures for the fabrication of dual-layer hollow fibers for gas separation (Ekiner 
et al., 1992). Suzuki et al. applied the co-extrusion approach to prepare composite 
hollow fibers with a dense polyimide active layer on a sponge support layer for gas 
separation (Suzuki et al., 1998). Satoshi et al. reported that the addition of different 
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sizes of poly(methylsilsesquioxane) fillers into both inner and outer layers could 
modify the membrane morphology, separation performance and extend the working 
life of the stretched hollow fiber membranes (Nago and Mizutani, 1996). He et al. 
combined a hydrophilic outer layer with a hydrophobic inner layer together by a co-
extrusion approach (He et al., 2002). Japanese researchers extended the co-extrusion 
approach to the fabrication of ceramic hollow fiber membranes in order to improve 
both filtration efficiency and membrane strength (Sugai, 1989; Akiyama, 1991). The 
co-extrusion approach could also be applied to improve membrane properties in ways 
other than the formation of dual-layer membranes. Li et al. pumped a primary 
coagulant into the outer tunnel of a tri-orifice spinneret so that the outer surface of 
nascent hollow fibers touched with the primary coagulant before immersing into the 
main coagulation bath. The morphology could thereby be controlled by choosing 
different primary coagulants (Li et al., 1994). In contrast, He et al. pumped a solvent 
into the outer tunnel to get a fully porous outer layer (He et al., 2003). Sasaki applied a 
solvent in the middle tunnel of a tri-orifice spinneret so that the inner surface of a 
nascent hollow fiber touched with the solvent prior to contact with the inner coagulant. 
A fine network structure was obtained (Sasaki, 1990). Takatake et al. extruded the 
precursor of a polyimide through the outer tunnel of the spinneret. The precursor in the 
outer layer was then converted into an insoluble polyimide dense layer (Takatake et al., 
1996a).  
To prepare dual-layer asymmetric hollow fiber membranes using the co-extrusion 
approach, the delamination phenomenon is critical and cannot be overlooked since it 
will directly affect the integrity of membranes. However, the discussions on 
delamination phenomenon are lacking in this research field. To our best knowledge, 
only one paper has addressed the morphological study on dual-layer asymmetric 
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hollow fiber membranes (Pereira et al., 2003). Pereira et al.’s work compared the 
structures of dual-layer asymmetric hollow fiber membranes with single-layer ones. 
However, the interface structure of dual-layer hollow fibers was not discussed (Pereira 
et al., 2003). The purpose of this work is to investigate the complicated relationship 
among the spinning and coagulation conditions, and bulk and interfacial morphology 
of dual-layer asymmetric hollow fibers. Special efforts are also given to the macrovoid 
formation and the elimination of delamination. 
6.2 Experimental section 


















(CAS#104983-64-4) was purchased from 
Vantico (previously known as Ciba) and was employed as the outer-layer material. Its 
gas separation properties and spinnability have been extensively studied because of its 
superior permselectivity (PO2=1.36 Barrer; O2/N2=7.1 at 25°C measured from dense 
films) and membrane forming characteristics (Ekiner and Hayes, 1991; Chung et al. 
2003; Clausi and Koros, 2000; Bos et al., 1998a; Krol et al., 2001; Tin et al., 2003, 
Carruthers et al., 2003). Polyethersulfone (PES, Radel® A-300PNT from Amoco 
Polymers Inc, CAS# 25667-42-9), and polyetherimide (PEI, Ultem®1010 from GE 
Plastics, CAS# 61128-24-3) were chosen as the inner layer materials. Polyethylene 
oxide (PEO, Molecular weight = 100,000 from Aldrich, CAS# 25322-68-3) was 
purchased and employed as an additive to improve the inner polymer solution 
viscosity. N-methyl-2-pyrrolidinone (NMP, Purity 99% from Merck Schuchardt, CAS# 
872-50-4) was utilized as a solvent without further purification. Non-solvent additives 
such as deionized water, ethanol (EtOH), and isopropyl alcohol (IPA) were used as 
received.  
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The composition of the outer layer membrane solution was the same as the one used in 
the reference (Chung et al., 2003). The viscosity of the spinning solutions was 
measured using a Rheometric Scientific ARES rheometer. The sample ID and the 
compositions of the inner and outer layer polymer solutions are listed in Table 6-1. The 
Table 6-1. The ID and compositions of the inner and outer layer dopes
Viscosity (cp)
Components Concentration Components Ratio (wt) (at 25 oC; Shear rate=10 s-1)
OL-1 Outer layer Matrimid 26.2% NMP/EtOH 4/1 120,413
IL-1 Inner layer PES 36% NMP/EtOH 4/1 25,936
IL-2 Inner layer PES/Matrimid (15/1) 36% NMP/EtOH 4/1 44,106
IL-3 Inner layer PEI 26% NMP/EtOH 4/1 13,526
IL-4 Inner layer PEI 26% NMP/IPA 4/1 17,261
IL-5 Inner layer PES/PEO(3/2) 30% NMP/H2O 22.3/1 17,537
Polymer & Concentration SolventDope ID Layer
detailed descriptions of the experimental setup, spinneret design and the fabrication 
procedure of dual-layer  asymmetric hollow fibers have been  documented in Chapter 
Five. The spinning  conditions for the current study are tabulated in Table 6-2. 
Spinneret Air Gap Coagulation Take-up
Flow rate Flow rate Flow rate Temperature Distance Temperature Rate
(ml/min) (ml/min) (ml/min) (°C) (mm) (°C) (m/min)
LiDF-01 IL-2 0.6 OL-1 0.1 EtOH 20% in NMP 0.3 25 5 10 10
LiDF-02 IL-2 0.6 OL-1 0.1 EtOH 20% in NMP 0.3 25 5 10 20
LiDF-03 IL-2 0.6 OL-1 0.1 EtOH 20% in NMP 0.3 25 5 10 5
LiDF-04 IL-2 0.6 OL-1 0.1 EtOH 20% in NMP 0.3 25 5 10 50
LiDF-08 IL-2 0.6 OL-1 0.1 H2O 20% in NMP 0.3 50 25 10 1
LiDF-14 IL-3 0.8 OL-1 0.1 H2O 4% in NMP 0.3 50 5 25 10
LiDF-15 IL-3 0.8 OL-1 0.1 H2O 4% in NMP 0.3 50 5 25 20
LiDF-16 IL-3 0.8 OL-1 0.1 H2O 4% in NMP 0.3 50 5 25 50
LiDF-18 IL-3 0.7 OL-1 0.2 H2O 4% in NMP 0.3 30 25 25 1
LiDF-20 IL-3 0.5 OL-1 0.4 H2O 4% in NMP 0.3 30 25 25 1
LiDF-21 IL-3 0.8 OL-1 0.1 H2O 4% in NMP 0.3 30 25 25 1
LiDF-22 IL-3 0.85 OL-1 0.05 H2O 4% in NMP 0.3 30 5 25 10
LiDF-23 IL-3 0.85 OL-1 0.05 H2O 4% in NMP 0.3 50 5 25 10
LiDF-24 IL-3 0.85 OL-1 0.05 H2O 4% in NMP 0.3 70 5 25 10
LiDF-27 IL-5 0.6 OL-1 0.3 H2O 4% in NMP 0.3 70 5 40 10
LiDF-31 IL-5 0.6 OL-1 0.3 H2O 4% in NMP 0.3 110 25 40 10
LiDF-32 IL-5 0.6 OL-1 0.3 H2O 4% in NMP 0.3 70 25 20 1
LiDF-36 IL-4 0.8 OL-1 0.1 H2O 4% in NMP 0.3 50 5 30 10
LiDF-39 IL-4 0.8 OL-1 0.1 H2O 4% in NMP 0.3 50 5 20 10
LiDF-42 IL-4 0.8 OL-1 0.1 H2O 4% in NMP 0.3 50 5 10 10
LiDF-43 IL-4 0.8 OL-1 0.1 H2O 50% in NMP 0.3 50 5 10 10
LiDF-45 IL-4 0.8 OL-1 0.1 H2O 20% in NMP 0.3 50 5 10 10
LiDF-48 IL-4 0.8 OL-1 0.1 IPA50% in NMP 0.3 50 5 10 10
LiDF-50 IL-4 0.8 OL-1 0.1 IPA4% in NMP 0.3 50 5 10 10
LiDF-60 IL-1 0.6 OL-1 0.1 EtOH 20% in NMP 0.3 25 5 10 10
ID ID Composition






Table 6-2. Spinning conditions of dual-layer asymmetric hollow fibers
 
6.2.2 SEM specimen preparation 
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To characterize the morphology of dual-layer asymmetric hollow fiber membranes, the 
observations of cross section, inner-layer’s inner surface (IL-IS), inner-layer’s outer 
surface (IL-OS), and outer-layer’s inner surface (OL-IS) are necessary. The 
morphology of the outer-layer’s outer surface was neglected because the top surface of 
a gas separation membrane usually exhibits a uniform and dense structure. A 
multifunctional brass stub with 10 mm diameter and 10 mm height was designed and 
used as the specimen holder. A vertical wall was created to mount specimens by 
cutting off ¼ part of the stub from the center as illustrated in Figure 6-1A.  








Specimens for cross-sectional observation (as shown in Figure 6-1B) were obtained by 
fracturing hollow fiber samples immersed in liquid nitrogen. The specimen was then 
adhered to the vertical wall of the brass stub using conductive adhesive tape (Figure 6-
1C). Specimens for IL-IS observation were prepared by aslant cutting a piece of 
hollow fiber sample using a sharp razor blade (Figure 6-1D). The observation of IL-OS 
and OL-IS (Figure 6-1E &6-1F) morphologies is very important for dual-layer hollow 
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fiber membranes. However, the specimen preparation is relatively difficult because the 
outer layer thickness may be as thin as 1 micrometer. Manually peeling off the outer 
layer becomes impossible. Therefore, an effective procedure was developed to solve 
the problem. The details are shown in Figure 6-2. 
Figure 6-2. Procedure of SEM specimen preparation 






A piece of Teflon sheet (Figure 6-2A) was coated with a thin layer of 5-min quick-
curing epoxy adhesive (Araldite®). Dried dual-layer hollow fibers were then laid onto 
the adhesive layer one by one immediately to form a fiber array. The uncured epoxy 
resin crept upwards along the fiber surface because of the capillary effect and surface 
tension. After applying another thin layer of quick curing epoxy on top of the fiber 
array, and placing another piece of Teflon sheet, the two Teflon sheets were clamped 
together and kept in a warm environment for one hour until the epoxy resin was fully 
cured (Figure 6-2B). The Teflon sheets were removed (they have poor adhesion with 
epoxy and fibers) and the epoxy-cured fiber array was fractured perpendicularly to the 
fiber axis in liquid nitrogen. The crack took place along the weakest position of a fiber, 
which usually occurred at the interface (Figure 6-2C). OL-IS (Figure 6-2D) and IL-OS 
(Figure 6-2E) were therefore obtained.  
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After mounting all the specimens on the stub using a double-side conductive carbon 
adhesive tape, the specimens were further dried in a vacuum oven at 80 ~ 100 °C for 5 
~ 8 hours in order to avoid contaminating the SEM chamber.  
6.2.3 Coating of SEM specimens and the optimal operation of SEM 
In this chapter, specimens were coated with gold using a JFC 1200 Fine Sputtering 
Coater (from Jeol Inc). The coating thickness can be estimated by formula (1) provided 
by the manufacturer. 
tVIKd ⋅⋅⋅=           (6-1) 
Where d is the coating thickness in angstrom, K is a constant and its value in argon is 
0.17 (angstrom/mA·kV·sec), I is the sputtering current in mA, V stands for the applied 
voltage in kV, and t is the coating time in seconds. The formula is valid when the 
distance between target and specimen is 5 cm. Since the sputtering current and the 
applied voltage were pre-set at 30 mA and 1 KV, respectively, the only adjustable 
parameter for users was the coating time.  
Figure 6-3 shows the IL-OS morphology of a dual-layer hollow fiber sample and 
demonstrates how the gold-coating time affects SEM image quality. A specimen 
without gold coating was firstly put into the SEM chamber for observation, but no 
image could be obtained because of severe charge-up. Figure 6-3A (5 sec; estimated 
gold thickness of 2.6 nm) and Figure 6-3B (10 sec; estimated gold thickness of 5.1 nm) 
give acceptable images. The charge-up phenomenon (the bright white spots in the 
image) in Figure 6-3A is slightly severe than that in Figure 6-3B. However, Figure 6-
3B seems to lose some fine structure compared with Figure 6-3A. The images become 
worse with an increase in gold-coating time. Twenty seconds gold-coating time leads 
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to a significant image change as illustrated in Figure 6-3C. The 3-D network structure 
tends 
to become a 2-D structure. Moreover, the porous network with fine fiber structure also 
becomes thicker and thicker from Figure 6-3A, B, to C. The worst case is shown in 
Figure 6-3D (40-second gold-coating time; estimated gold thickness of 20.4 nm), most 
porous space in the network are blocked by the gold powder.  
B: 10 sec; 5.1 nm A: 5 sec; 2.6 nm 
C: 20 sec; 10.2 nm D: 40 sec; 20.4 nm 
Figure 6-3. Influence of specimen coating time on IL-OS image quality 
 
Fiber ID: LiDF32 
Coating media: Gold; Distance to target: 50 mm; Coating current: 30 mA; Coating environment: 8Pa in Argon 
Figures 6-4A1, 6-4A2, and 6-4A3 show the images obtained from different 
accelerating voltages. The charge build-up becomes serious with an increase in 
accelerating voltage. Finer surface structure images were obtained with lower 
accelerating voltages. Therefore, 5 kV accelerating voltage was chosen in this study; 
Figures 6-4B1, 6-4B2, and 6-4B3 show the influence of working distance on image 
quality. In case of 10,000 magnifications, the images become blurring and out of focus 
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at working distance equal to 15 mm. Clear images could be obtained at 3-8 mm of 
working distance. Considering the height of specimens as well as protecting the lenses 
of SEM, we set the working distance of 8 mm for the safe operation.  
A1: Accelerating Voltage = 5 kV A2: Accelerating Voltage = 10 kV A3: Accelerating Voltage = 20 kV 
B1: WD=3 mm B2: WD=8 mm B3: WD=15 mm 
Figure 6-4. Influence of accelerating voltage and working distance (WD) 
on image quality 
 
Fiber ID: LiDF32 
Media: Gold; Distance to target: 50 mm; Current: 30 mA; Environment: 8Pa in Argon; Time: 10 sec 
6.3 Results and discussion 
6.3.1 Integrity of dual-layer asymmetric hollow fiber membranes 
Integrity is the most essential requirement for the fundamental study of the fabrication 
of dual-layer asymmetric hollow fiber membranes. Before the investigation of 
materials chemistry, polymer solution viscosity and processing effects on membrane 
morphology, both the inner and outer layers of the reference dual-layer hollow fiber 
membranes must be of uniform thickness as well as acceptable concentricity. Figure 6-
5 shows a typical morphology of dual-layer hollow fibers we spun in this study. Its ID 
is 74 µm, OD is 130 µm and the outer-layer thickness is 1.9 µm. No delamination can 
be observed at the interface of the inner and outer layers. The outer-layer’s outer 
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surface  (OL-OS) is fully dense, while the inner-layer’s inner surface (IL-IS) is fully 
porous. The cross section porosity increases smoothly from the inner layer to the outer 
layer.  The perfect profile shown in Figure 6-5 ensures that the design of dual-layer 
spinnerets has met rigorous demands for dual-layer hollow fiber spinning and the 
following studies are meaningful.  
WallOverall profile 
6.3.2 The outer-layer morphology – the causes of macrovoid-free structure 
Figure 6-6 shows the cross-sectional morphology of the outer Matrimid layer laid on 
various inner layers. The outer layer is macrovoid-free, which remains unchanged even 
though the inner-layer membrane solution compositions and spinning conditions vary 
from one to another. One of the reasons for the formation of macrovoid-free outer-
layer structure may be attributed to the characteristics of the Matrimid 5218 spinning 
solution, which exhibits elevated viscosity and poor fluidity when contacting non-
solvents. Pioneering works done by Strathmann and Cabasso et al. have observed that 
high polymer solution viscosity and easy gelation (poor fluidity) when contacting non-
Inner dope: 26%PEI in NMP/EtOH=4/1, 
 0.8 ml/min; 
Outer dope: 26.2%M5218 in NMP/EtOH=4/1,   0.1 ml/min; 
Bore Fluid:  4% water in NMP, 0.3 ml/min; 130 µm 
Spinneret: 50 oC; 
Air Gap: 5 mm 28 µm Coagulation: Water, 25 oC; 
Take-up rate: 50 m/min 






Figure 6-5.  
Integrity of dual-layer 
asymmetric hollow fibers 
 
Fiber ID: LiDF16 
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solvents help to produce a macrovoidless membrane structure (Strathmann et al., 1975, 
1977; Cabasso et al., 1977). Kesting et al. reported that high solid content, high 
viscosity and low non-solvent tolerance are the three important factors for the 
formation of macrovoid-free membranes (Kesting et al., 1989). They further claimed 
that a polymer solution comprised of greater than about 30 wt% polymer and a 
viscosity of greater than about 5 x 104 cp (50 Pa.s) at membrane forming temperatures 
would produce macrovoid-free membranes (Kesting et al., 1989). In this study, even 
though the outer layer Matrimid content is about 26.2 wt%, its viscosity is about or 
greater than 1.2 x 105 cp (120 Pa.s) at the membrane forming temperature. Therefore, 
this high polymer solution viscosity may favor the formation of macrovoid-free 
structure. Experimental results reported by Clausi and Koros (Clausi and Koros, 2000), 
Kang et al. (Kang et al., 2000), Kapantaidakis and Koops (Kapantaidakis and Koops, 




A B C D 
Figure 6-6. The cross-sectional morphology of the outer Matrimid layer 
laid on various inner layers 
 
Fiber ID: A: LiDF21 (inner layer: 26% PEI in NMP/EtOH); B: LiDF39 (inner layer: 26% PEI in NMP/IPA);  
C: LiDF03 (inner layer: 36% PES/Matrimid (15/1) in NMP/EtOH); D: LiDF60 (inner layer: 36% PES in NMP/EtOH) 
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Besides viscosity, the critical structure-transition thickness may also play an important 
role to explain the formation of macrovoid-free structure. Recently Vogrin et al. 
observed the thickness dependence of macrovoids during the phase inversion of 
asymmetric cellulose acetate flat membranes (Vogrin et al., 2002). They found that the 
membrane becomes macrovoid-free when the membrane thickness is ultra thin. We 
also reported a critical structure-transition thickness exiting for the transition of 
membrane morphology from a sponge-like to a finger-like structure when increasing 
membrane thickness for two types of membrane materials. In other words, when 
keeping all other parameters unchanged in an arbitrary membrane formation process, 
the decrease of membrane thickness may lead to the transformation of the membrane 
morphology from a macrovoid structure to a sponge-like structure. The critical 
structure-transition thickness is the value below which the membrane exhibits a 
sponge-like structure. The value of critical structure-transition thickness varies with 
membrane materials, polymer solution formulation and membrane formation 
parameters. The details are discussed in Appendix A. 
For this study, flat asymmetric membranes with different thicknesses were cast from 
the same outer-layer polymer solution to determine the critical structure-transition 
thickness. Figure 6-7 shows the examples where the macrovoids could only be 
observed in the case of 2270 µm thick membranes (Figure 6-7A) but not in 237 µm 
ones (Figure 6-7B). This implies that the critical structure-transition thickness should 
be somewhere between 237 and 2270 µm for the outer-layer polymer solution 
composition. Since the thickest outer layer in our study is only about 22 µm (Figure 6-
8), which is absolutely less than the critical structure-transition thickness, the outer 






Figure 6-7. Determination of the critical structure transition thickness  
for the outer-layer dope 
 
Flat membranes cast from the dope OL-1 (26.2% Matrimid in NMP/ EtOH (4/1)) 
Outer 
22 
Figure 6-8. The thickest outer layer in this study (22 µm) 
Fiber ID:  LiDF20; 
OL thickness:22 µm; 
Inner layer:  26%PEI in NMP/EtOH=4/1; 
Fed rate:  0.5 ml/min; 
Outer layer:  26.2% Matrimid inNMP/EtOH=4/1; 
Fed rate:  0.4 ml/min. 
Figure 6-9 displays the cross-sectional structure near the outer edge of the outer layer. 
Clearly, the structure is still asymmetric. The thickness of the selective layer can be 
visually estimated of approximately 150 nm from the high magnification SEM image. 
The polymer aggregates in this region in the form of tiny nodules close to one another. 
6.3.3 Inner layer morphologies – the control of macrovoids growth 
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Macrovoid formation is a common phenomenon in asymmetric membranes induced by 
phase inversion. The mechanism is complicated and still under heavy debates (Cohen 
et al., 1979; Broens et al., 1980; McHugh and Yilmaz, 1985; Yilmaz and Mchugh, 
1986; McDonogh et al., 1987; Reuvers et al., 1987a, 1987b; Yao et al., 1988; Smolders 
et al., 1992; Shojaie et al., 1994; McKelvey and Koros, 1996). However, almost all 
previous studies were based on asymmetric flat and single-layer hollow fiber 
membranes. How the variations of polymer solution compositions and spinning 
conditions affect the inner-layer morphologies of dual layer hollow fiber membranes 
have not been investigated.  
6.3.3.1 Influence of the inner membrane solution composition 
Figure 6-10 shows a comparison of cross-sectional morphology spun from inner 
membrane solutions made of neat PES (Inner membrane solution ID: IL-1) and 15/1 
PES/Matrimid (Inner membrane solution ID: IL-2). The addition of a small amount of 
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B: PES/Matrimid (15/1) as the inner-layer material A: PES as the inner-layer material 
Figure 6-10. Influence of the addition of Matrimid in the inner dopes 
 
Fiber ID:  A: LiDF60  B: LiDF01 
Matrimid into the inner layer clearly makes the size of sponge cell becoming smaller 
and the variation of bulk porosity from the outer edge to the inner edge becomes 
smoother. However, the presence of macrovoids remains unchanged. The smoother 
porosity change and the finer sponge cells may be attributed to the viscosity rise (25.9 
x 103 vs. 44.1 x 103 cp) (25.9 vs. 44.1 Pa.s) after adding Matrimid as shown in Table 6-
1. However, the viscosity after adding Matrimid is still lower than the critical viscosity 
proposed by Kesting et al.., and macrovoids exist. 
Figure 6-11 illustrates the cross-sectional morphology of dual-layer hollow fibers spun 
from the 3/2 PES/PEO inner membrane solution (Inner membrane solution ID: IL-5). 
PEO generally refers to the polymer with the formula of HO-(CH2CH2O)n-CH2CH2OH 
and the molecular weight greater than 20,000. It is also called as PEG (polyethylene 
glycol) if the molecular weight is lower than 20,000 (Harris, 1992). The solubility of 
PEO in water decreases with an increase in temperature. The PEO used in this study 
can be dissolved in NMP to form a uniform solution with a concentration up to 30 % at 
80 °C. Table 6-1 indicates the addition of PEO lowers the viscosity from 25.9 x 103 cp 
(25.9 Pa·s) to 17.5 x 103 cp (17.5 Pa·s) because of lowering the total polymer content 
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Figure 6-11. The cross-sectional structure of the inner layer spun from the PES/PEO 
dope 
from 36% to 30%, but Figure 6-11 shows an almost macrovoid-free  structure, which is 
contradictory to the Kesting’s hypothesis. In addition, extensive experiments indicate 
that the inner layer spun from this composition always exhibits a sponge-like structure 
no matter how the membrane formation parameters change. 
 
Figure 6-12 shows the phase diagrams of the above-mentioned PES, Matrimid and 
PES/PEO membrane solution systems. The viscosities of both PES and PES/PEO 
membrane solutions are lower than the critical viscosity defined by Kesting et al.. 
(Kesting et al., 1989). In the case of the PES/PEO system, the distance from the initial 
membrane solution composition point ( ) to the cloud-point curve (——) is longer 
than that for both Matrimid 5218 (the outer-layer membrane solution, from ● to —{—
) and pure PES (the other inner-layer membrane solution, from Ì to ——) systems. 
All the omens indicate a tendency that the PES/PEO system is in favor of forming  a 
macrovoid structure. However, the resultant inner layer is sponge-like and fully 
interconnected.  
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Figure 6-12.Phase diagrams of different membrane materials 
Temperature: 30 C
PES/PEO in NMP
Matrimid in NMP/EtOH (4/1)















Clearly, the formation of macrovoid-free structure is much more complicated than 
Kesting’s postulation. There may be four possible causes for the formation of a 
sponge-like membrane structure in the PES/PEO membrane solution system.  1) As 
shown in Table 6-1, the inner membrane solution consists of 3% (wt) nonsolvent 
(water). It was added in order to adjust the membrane solution composition close to the 
cloud-point curve in the phase diagram (Figure 6-12). Based on the previous literatures 
(Strathmann et al., 1975, 1977; Cabasso et al., 1977; Cohen, 1979; Broens, 1980; 
Reuvers et al., 1987a, 1987b; Smolders, 1992), membranes experiencing instantaneous 
liquid-liquid demixing tend to show the appearance of macrovoids, whereas 
membranes experienced delayed demixing tend to exhibit sponge-like structures. The 
addition of water may lower the vigorousness of precipitation and minimize local 
stability which otherwise may induce weak points and solvent intrusion (Strathmann et 
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al., 1975, 1977; Shojaie et al., 1994). 2) PEO has surfactant characteristics (Liu et al., 
2000b; Bronich et al., 2000). Previous works have indicated that surfactants can 
significantly alter the precipitation path and yield a completely macrovoid-free 
morphology (Tsai et al., 2000; Wang et al., 1998). 3) The effect of adding PEO cannot 
simply expressed by lowering the shear viscosity.  PEO may modify membrane 
solution rheology (Malmsten and Lindman, 1993), gel formation and precipitation path 
during the phase separation and therefore modify the membrane morphology. 4) 
Thermally induced phase inversion may also help the formation of fine sponge-like 
and fiber-like network structure. Figure 6-13 shows the temperature 
















Figure 6-13. Temperature dependence of the cloudy-point curve of the 
PES/PEO/NMP/water inner-layer dope
Dope ID: IL-5  
dependence of the cloudy-point curve of the  PES/PEO/NMP/water inner-layer 
membrane solution. The membrane solution was cooled down without adding a non-
solvent from 60oC to room temperature. The system becomes turbid when the 
temperature is around 34oC, indicating thermally induced phase separation takes place 
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at 34oC. In order to investigate  the effect of thermally induced phase inversion on the 
morphology of PES/PEO membranes, a flat membrane was cast in a water-free 
environment (i.e., in a dry box) at 50oC and naturally cooled down to room temperature 
(25oC). Then it was immersed in a water bath and the resultant membrane morphology 
is shown in Figure 6-14. It consists of discontinuous polymeric flakes and random 
Figure 6-14. Isolated polymeric flake and fiber structure prepared from thermal 
induced phase separation
Dope ID: IL-5  
fibers, but no visible macrovoids. This experimental result implies that the 
participation of thermally induced phase inversion in this system may promote the 
formation of macrovoid-free structure.  
6.3.3.2 Influence of the elongational draw ratio 
Fibers are elongated if fiber take-up velocity is greater than membrane solution 
extrusion velocity in a spinning process. The relationship between elongational draw 
ratio (φ) and spinneret/fiber geometric shapes (D, diameter) is defined as follows: 
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( ) ( )2 2 2 2
2 2
Outer orifice ID Inner tube OD Outer tube OD Outer tube ID Spinneret
Fiber OD Fiber ID HollowFiber
D D D D
D D
ϕ − − − −
⎡ ⎤− − −⎣ ⎦= ⎡ ⎤−⎣ ⎦
  (6-2) 
It is an important parameter. A high elongational ratio usually accompanies with a high 
take-up speed, which is usually favorable because not only it increases productivity but 
also reduces hollow fiber diameter (i.e., increases the surface to volume ratio). 
However, it may affect membrane morphology as well as separation performance. 
Figure 6-15 shows two groups of images obtained from different inner membrane 
Figure 6-15. Influence of the take-up speed and draw ratio on Inner-layer structure
Fiber ID: Group 1: LiDF01, LiDF02, LiDF04
Group 2: LiDF14, LiDF15, LiDF16
Draw ratio = 11














Draw ratio = 25 Draw ratio = 145
 
solutions and spinning conditions. It was found that in conjunction with increasing 
draw ratio, the membrane morphology in both groups transited from fully macrovoid 
structures towards less macrovoid ones. In the case of group 2, its macrovoids 
completely disappear when the draw ratio increases up to 145. 
It is believed that the elongation takes place in the air gap region, thus the reasons of 
reducing macrovoids may arise from the following factors. 1) The state of spinning 
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solution may change under high elongational stresses, which may not favor the 
formation of macrovoids. Experiments have proven that high shear rates modified the  
state of solution (Wolf, 1984) and suppressed the macrovoid formation (Chapter 
Three). 2) The external elongational stresses may probably create extra phase 
instability and facilitate spinnodal decomposition relatively uniformly across the 
membranes (Chung, 1997a). 3) The process of rapid shrinkage of fiber diameter during 
the elongational stretch may induce radial outflow (i.e., negative normal stresses) 
which hinders the capillary intrusion or diffusion of coagulants, thus eliminate the 
chance of forming macrovoids. 
6.3.3.3 Influence of the bore-fluid composition 
Similar to the fabrication of single-layer asymmetric hollow fiber membranes, the 
Figure 6-16. The effects of bore fluid composition on membrane cross-
section (upper) and inner skin (bottom) morphology
Fiber ID: A: LiDF50, B: LiDF48
A: Bore fluid: 4% IPA in NMP B: Bore fluid: 50% IPA in NMP
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bore-fluid chemistry controls the internal morphology of dual-layer hollow fiber 
membranes. Figure 6-16 demonstrates the effects of IPA content on the cross-section 
and inner-skin morphology. The inner skin is fully porous and highly rough if the bore-
fluid composition contains 4% IPA in NMP, which is a good solvent for the inner-layer  
membrane solution. The degrees of surface porosity and roughness become much 
smaller if the IPA content increases to 50% because IPA is a non-solvent for PES. The 
location and size of macrovoids are also different for these two membranes. The 4/96 
IPA/NMP bore fluid produces membranes with larger and longer macrovoids, which 
apparently starts from the inner surface because of solvent intrusion, whereas the 50/50 
IPA/NMP bore fluid yields macrovoids located at the middle of the cross section.  
6.3.3.4 Influence of the coagulation and spinneret temperatures 
Figure 6-17 shows the cross sections of hollow fibers spun from different coagulation 
Figure 6-17. Influence of coagulation (top) and spinneret (bottom) temperatures 
on membrane structure
Top: Fiber ID: A: LiDF36, B: LiDF39, C: LiDF42
Bottom: Fiber ID: A: LiDF22, B: LiDF23, C: LiDF24
A: Coagulation Temperature: 30 oC B: Coagulation Temperature: 20 oC C: Coagulation Temperature: 10 oC
A: Tspinneret = 30 oC B: Tspinneret = 50 oC C: Tspinneret = 70 oC
 
and spinneret temperatures. The effects of different coagulant temperatures on the 
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macrovoid morphology seem to be similar except that the fiber spun at the lowest  
temperature (10 °C) has the lowest number of macrovoids. All macrovoids have 
openings towards the lumen of the hollow fibers. The length and diameter of all 
macrovoids are almost the same. The decrease in the number of macrovoids with 
decreasing coagulation temperature may be attributed to the high inner-layer 
membrane solution viscosity at low temperatures.  
Compared with coagulation temperature, the spinneret temperature plays a weaker role 
on membrane morphology. There is no sharp and visible difference in the cross-
sectional morphology. This possibly arises from the fact that the bore fluid used in this 
study was a mixture of 96/4 NMP/water, which is a powerful solvent for the inner 
layer. Thus, the diffusion and intrusion of the bore fluid into the inner layer dominated 
the phase inversion process.  
6.3.4 Interfacial morphology and delamination phenomena  
Interfacial morphology is a particular feature in dual-layer composite membranes. A 
delamination-free interface may be obtained depending on the miscibility of both 
membrane solutions and many other factors during the phase inversion. If the solvents, 
non-solvents, polymers, and additives used in both membrane solutions are 
thermodynamically compatible, both membrane solutions may diffuse into each other 
because of chemical potential differences. The mutual diffusions help to form a 
seamless interface. However, other factors cannot be ignored. One of them is the ratio 
of shrinkage percentage of both layers during the phase inversion.  
6.3.4.1 Layers’ shrinkage vs. delamination  
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Figure 6-18 demonstrates how different shrinkage percentages affect the membrane 
Figure 6-18. Schematic diagram of the influence of shrinkage percentage on 
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structure. Delamination-free structure may be obtained when the shrinkage percentages 
of both layers are almost the same (Figure 6-18A). A gap may form between the inner 
and outer layers if the shrinkage percentage of the inner layer is more than that of the 
outer layer (Figure 6-18B). There are three possibilities if the outer layer shrinks more 
than the inner layer. The first situation is that the mechanical strength of the inner layer 
is stronger than the outer layer and the outer material layer is brittle, then the weak 
outer layer may burst due to the accumulated internal stress (Figure 6-18C). If the outer 
layer is stretchable, an apparent delamination-free structure may be achievable because 
the outer layer may tighten around the inner layer   (Figure 6-18D). Figure 6-19 
illustrates examples which were obtained by adjusting the ratio of outer to inner 
membrane solution flow rates. The delamination is significantly reduced with a 
decrease in the ratio and is totally eliminated when the ratio is 0.125 (Figure 6-19C). 
Since the diffusions of solvents and non-solvents in or out of a membrane are inversely 
proportional to the square of membrane thickness, a decrease in the ratio of outer to 
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inner membrane solution flow rates results in an increase in the shrinkage ratio of outer 
to inner layers when solvent moves faster. Consequently, the outer layer gradually 
tightens the inner layer. In addition, a thick membrane tends to have a less shrinkage 
because its outer skins (i.e., outer contours) may gel or solidify well before completing 
the solvent exchange. 
 
Figure 6-19. Effect of the ratio of inner to outer dope flow rates on the shrinkage 
percentage and delamination 
 
Ratio of outer to inner dope flow rates:  A: 0.83    B: 0.285   C: 0.125 
Fiber ID:     A: LiDF20  B: LiDF18 C: LiDF21 
IL fed rate:  0.5 ml/min 
OL fed rate:  0.4 ml/min 
OD: 338 µm 
OL thickness:22 µm 
A IL fed rate:  0.7 ml/min 
OL fed rate:  0.2 ml/min 
OD: 323 µm 
OL thickness:12 µm 
B IL fed rate:  0.8 ml/min OL fed rate:  0.1 ml/min 
OD: 326 µm 
OL thickness:4 µm 
 
The third one is that the outer layer is much stronger than the inner layer, which results 
in a fully deformed inner layer (Figure 6-18E). Figure 6-20 demonstrates a typical 
 
Figure 6-20. Effect of bore fluid composition on the shrinkage percentage and 
delamination 
 
Fiber ID: A: LiDF42, B: LiDF45, C: LiDF43  
A: Bore fluid: 4% water B: Bore fluid: 20% water C: Bore fluid: 50% water 
 
example of this case. When the bore-fluid composition changes from 94/6 NMP/water  
to 50/50 NMP/water, it changes the solidification process and the shrinkage percentage 
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of the inner layer. The 50/50 NMP/water bore fluid induces earlier and faster gelation 
of the inner layer than the 94/6 NMP/water one. Because of the mismatch in shrinkage 
percentages and mechanical properties between the inner and outer layers, the nascent 
inner layer must be wrinkled itself to release the stress imposed by the shrunk outer 
layer.  
6.3.4.2 Membrane solutions’ chemistry vs. interfacial structure 
Thermodynamically, components of nascent inner and outer layers may counter-
diffuse through the seamless interface before and during the phase separation. The 
solvents for the inner and outer layers are important because they may affect the 
diffusion process and the extent of mutual diffusion. When using the same solvent 
mixture (i.e., 4/1 NMP/EtOH) in both layers, Figure 6-21 demonstrates the 
Figure 6-21. Influence of dopes’ solvent chemistry on the interfacial structure  
(both inner and outer layers use the same solvents)  
 
Fiber ID:  LiDF08  
A: Outer-layer inner surface B: Inner-layer outer surface 
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morphology of a delamination-free interfacial structure which consists of numerous 
fibers (white color in Figure 6-21A & 6-21B) which originally interpenetrated into 
each other’s layer. Both sides have an open-cell structure towards the interface (black 
color in Figure 6-21A and 6-21B). This study suggests that the interface does not 
create much resistance for gas transport if the same solvent mixtures are employed in 
both layers.  
However, the situation becomes much complicated when using different solvent 
systems in both layers. In Figure 6-22, the inner layer was spun by a membrane 
solution consisting of 30% PES/PEO(3/2) and 70% NMP/Water(22.3/1), while the 
outer layer was spun from a mixture of 26.2% Matrimid 5218 and 73.8% 
NMP/EtOH(4/1). The resultant inner layer has a porous outer surface, while the outer 
layer has a dense inner skin. The cause of inconsistent morphology may be related to 
different solubility parameters, phase inversion mechanisms and process conditions. 
B
A 
Figure 6-22. Influence of dopes’ solvent chemistry on the interfacial structure (both 
inner and outer layer use different solvents) 
 
Fiber ID:  LiDF31 
Inner layer:   30% PES/PEO(3/2) and 70% NMP/Water(22.3/1) 
Outer-layer dope:  26.2% Matrimid and 73.8% NMP/EtOH(4/1)  
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The inconsistent interfacial morphology is not desirable because it creates extra 
resistance for gas transport.  
6.3.4.3 Delamination vs. interfacial structure 
When a delamination occurs during the phase inversion, it significantly affects the 
interfacial structure. Figure 6-23 compares the inner surface morphology of the outer 
layers of a delamination-free and a delaminated dual-layer membrane. For the 
delamination-free membrane, its inner surface has a uniform and fully porous structure, 
whereas for the delaminated membrane, its inner surface consists of dense and porous 
region randomly co-existing. This is probably due to the fact that the delamination 
A:
IL fed rate:  0.8 ml/min 
OL fed rate:  0.1 ml/min 
OD: 326 µm 
OL thickness: 4.3 
µm 
B:
IL fed rate:  0.5 ml/min 
OL fed rate:  0.4 ml/min 
OD: 338 µm 
OL thickness: 22 
µm 
B2 B1 
Figure 6-23. The influence of delamination on the outer-layer’s inner surface 
morphology (A: Delamination free; B: With delamination.) 
 
Fiber ID: A: LiDF21,  B: LiDF20 
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creates a gap between the inner and outer layers for coagulants and polymer-poor 
phase fluids to fill in and induce phase inversion. 
6.4 Conclusions 
In addition to demonstrating the science and engineering factors to fabricate dual-layer 
asymmetric composite hollow fibers with high integrity, the following conclusion can 
be made from this study: 
1. Because of high viscosity nature and high critical structure-transition thickness, the 
Matrimid outer layers obtained under various spinning conditions have an 
asymmetric sponge-like structure with a selective layer thickness of 150 nm. 
2. The addition of PEO in the PES inner membrane solution results in a macrovoid-
free structure under various spinning conditions. Four possible causes have been 
identified. 
3. When increasing the elongation draw ratio, the membrane morphology transits 
from a fully macrovoid structure towards a less macrovoid one for the 
PES/Matrimid and PEI membrane solution systems possibly because of rheological 
reasons. 
4. The increase of the IPA/NMP ratio in the bore fluid helps to smooth the inner-layer 
inner surface and to reduce the size of the macrovoids for the PEI inner layers. 
5. For the interfacial structure, the difference in shrinkage percentages of both layers 
has been applied to explain the delamination phenomenon. The influence of 





CHEMICAL CROSS-LINKING MODIFICATION OF POLYIMIDE/PES 
DUAL-LAYER HOLLOW-FIBER MEMBRANES FOR GAS 
SEPARATION 
7.1 Introduction 
Polyimides are attractive membrane materials for gas separations because of their good 
gas separation and physical properties. Extensive works including tailoring the 
chemical structures (Koros and Fleming, 1993; Stern, 1994; Liu et al., 1999a; Al-Masri 
et al., 1999; Fang et al., 2000) and performing cross-linking modifications by different 
methods such as thermal and chemical treatment and UV irradiation (Hayes, 1988, 
1991a; Liu et al., 1991b, 1995; Staudt-Bickel and Koros, 1999; Kita et al., 1994; Rezac 
and Schoberl, 1999; White et al., 1995; Bos et al., 1998a; McCaig et al., 1999; Matsui 
et al., 1997) have been carried out with the aim of obtaining polyimide membranes 
with better gas separation properties. Among all of the efforts, cross-linking 
modification is expected to be one of the most promising approaches to improve 
chemical resistance and resistance to plasticization of polyimide membranes (Koros 
and Mahajan, 2000). 
Most commercial membranes are in the form of asymmetric hollow fibers because they 
offer a higher surface-to-volume ratio. An asymmetric cross-sectional morphology of 
hollow-fiber membranes consists of a thin dense selective layer and a porous 
supporting substrate. The asymmetric morphology gives the advantage of high flux, 
which is required for practical applications. However, to our best knowledge, almost 
all of the reported cross-linking modifications of polyimides have been conducted on 
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thick and flat dense films (Hayes, 1988, 1991a; Liu et al., 1991b, 1995; Staudt-Bickel 
and Koros, 1999; Kita et al., 1994; Rezac and Schoberl, 1999; White et al., 1995; Bos 
et al., 1998a; McCaig et al., 1999; Matsui et al., 1997; Liu et al., 2001d), which may 
have very limited applications for the modification of asymmetric hollow-fiber 
membranes. Therefore, it is essential to investigate new and practical cross-linking 
modification technologies for hollow fibers. Recently, it has been reported that 
chemical cross-linking modification of polyimide dense films can occur through the 
reactions between the imide units in polyimide and p-xylenediamine (Liu et al., 2001d). 
The modification takes place by immersing the polyimide films in a p-xylenediamine / 
methanol solution for a certain period at ambient temperature. The easiness of cross-
linking makes it potentially extremely suitable for the cross-linking modification of 
polyimide hollow-fiber membranes. In this chapter we intend to apply this novel 
technology to modify polyimide/poly(ether sulfone) (PES) dual-layer asymmetric 
hollow fibers. The dual-layer asymmetric hollow fibers studied here consist of a co-
poly [1,4-durene / 1,3-phenylene-2,2'-bis (3,4-dicarboxyphenyl ) 
hexafluoropropanediimide] [6FDA-durene / mPDA (50:50)] as the thin outer selective 
layer and a PES as the inner porous supporting layer (Chapter Five). The dual-layer 
hollow-fiber membrane structure is purposely chosen because the inner PES layer is 
inert to the proposed chemical cross-linking modification, while the outer polyimide 
layer with a defined thickness can be chemically modified with different degrees of 
cross-linking. The effects of chemical cross-linking modification on the gas separation 
performance and antiplasticization properties of dual-layer polyimide/PES hollow 
fibers will be investigated. 
7.2 Experimental section 
7.2.1 Membrane materials 
162 
The chemical structure of 6FDAdurene / mPDA (50:50) is shown in Figure 5-2. It was 
synthesized by a similar procedure described in Chapter Five, section 5.2.1. with an 
inherent viscosity of 1.10 dL/g in N-methylpyrrolidone (NMP). This material has N2, 
O2, CO2, and CH4 permeabilities of 7.09, 35.37, 3.77, and 120 barrer, respectively, 
with CO2/CH4 selectivity of 31.8 and O2/N2 selectivity of 5 at 35 °C and 10 atm. p-
Xylenediamine, tetrahydrofuran (THF), dichloromethane, methanol, and hexane were 
used as received. PES (Radel A-300P) was purchased from Amoco Polymers Inc., 
Marietta, OH. 
7.2.2 Fabrication of polyimide/PES dual-layer hollow fibers 
The spinning of dual-layer hollow fibers was carried out in our laboratory, and the 
details of the spinning process were described in Chapter Five, Section 5.2.. A solution 
containing 26 wt % 6FDA-durene/mPDA (50:50) in a solvent mixture of NMP/THF 
(5:3 by weight) was chosen as the membrane solution to yield the outer dense selective 
layer, whereas 28 wt % PES in a solvent mixture of NMP/H2O (10:1 by weight) was 
selected as the membrane solution to form the inner porous substrate layer. The two 
membrane solutions were delivered to the spinneret by two metering pumps at a rate of 
0.2 mL/min for the outer layer and 0.6 mL/min for the inner layer, respectively. The 
spinneret temperature was controlled at 60 °C. A 95:5 by weight solvent mixture of 
NMP/H2O was selected as the bore fluid and delivered by an ISCO 500D syringe 
pump at a rate of 0.2 mL/min. After passing through an air gap of 0.3 cm, the nascent 
hollow fibers were drawn into a tap water coagulation bath at ambient temperature and 
collected at a take-up velocity of 40 cm/min. After being stored in water for 3 days at 
room temperature, the dual-layer hollow fibers were immersed in methanol three times 
and then in hexane three times for solvent exchange, following the procedure proposed 
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by Prof. Koros’ group (Clausi et al., 2000). Fresh solvents were used in each solvent 
exchange with duration of 30 min. Subsequently, thermal treatments of hollow fibers 
were carried out progressively under vacuum at 35, 45, 55, and 65 °C for 30 min and 
finally at 75 °C for 1 h. 
Modules were prepared by sealing one of the ends of a bundle of 10 dual-layer fibers 
with a length of 20 cm. The O2 and CH4 permeation rates were measured at 200 psig, 
while N2 and CO2 rates were at a pressure range from 50 to 500 psig. All 
measurements took place at 23 °C. The gas permeance and separation factor were 
determined using a bubble flowmeter and calculated based on the equation described in 
Chapter Five. Five modules were prepared and tested. The as-spun fiber has an initial 
CO2 permeance of 222 ± 15 GPU and an O2 permeance of 28.7 GPU with an average 
O2/N2 selectivity of 4.2 ± 0.2. 
7.2.3 Chemical cross-linking modification of dual-layer hollow fibers 
To remove most of the plasticization effects of CO2 during and subsequently after the 
permeance measurements, chemical cross-linking modification of the modules was 
carried out 5 days later after the CO2 permeance tests. The modules were immersed in 
a 5% (w/v) p-xylenediamine/methanol solution for a different time. They were then 
taken out from the solution, washed with fresh methanol several times, and dried under 
ambient temperature for 1 day before testing. Fourier transform infrared (FTIR) spectra 
of modified polyimide membranes verified that no residual reacting reagents existed. 
7.2.4 Characterization 
Scanning electron microscopy (SEM) was conducted using a Philips XL30-SEM to 
investigate the fiber morphology. Attenuated total reflection (ATR)-FTIR 
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measurements were carried out utilizing a Perkin-Elmer FTIR spectrometer on 
carefully flattened hollow fibers. 
7.3 Results and discussion 
7.3.1 fabrication of polyimide/PES dual-layer hollow fibers.  
Figure 7-1 shows SEM photomicrographs of dual-layer asymmetric hollow fibers. The 
 
Figure 7-1. SEM pictures of polyimide/PES dual-layer hollow fibers 






dual fibers have a good concentricity with an inner diameter of 170 µm. The 
thicknesses of the outer polyimide layer and inner PES porous layer are 10 and 100 µm, 
respectively. No delamination between the outer layer and inner layer is observed. The 
inner layer is comprised of macrovoids with interconnected porosities which may 
significantly minimize the substructure resistance for gas transport. As a result, the 
outer polyimide layer determines the gas separation properties of dual-layer hollow 
fibers. 
7.3.2 FTIR characterization 
Figure 7-2 shows a comparison of FTIR spectra of the outer polyimide layer before 
and after the cross-linking modification. The characteristic peaks of the amide group at 
1660 cm-1 (symmetric stretch of C=O in the amide group) and 1539 cm-1 (stretch of C–
N and bend of N–H in the amide group) appear after the modification as shown in parts 
b – e of Figure 7-2. With the progress of chemical modification, the intensities of the 
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Figure 7-2. FITR spectra of the outer polyimide layers 
a) unmodified, b-e) cross-linked dual-layer hollow fibres (obtained by an immersion in a 5% wt/v p-














































































Figure 7-2a. Reaction between p-xylenediamine and imide groups
c
haracteristic peaks of the imide group at 1786 cm-1 (asymmetric stretch of C=O in the   
imide group), 1713 cm-1 (symmetric stretch of C=O in the imide group), 1350 cm-1 
(stretch of C–N in the imide group), and 850 cm-1 (the deformation of the imide group) 
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decrease with an increase in the immersion time. These phenomena coincide with the 
cross-linking reaction mechanism previously observed for a 6FDA-durene/polyimide 
(Liu et al., 2001d), showing that the reactions between p-xylenediamine and imide 
groups produce amide groups and form the chemical cross-linking (Figure 7-2a).  
The difference in cross-linking rate between the outer layer of dual-layer hollow fibers 
and a thick dense film made of the same material is also compared using an FTIR. 
Figure 7-3 illustrates the FTIR spectra of virgin and cross-linked 6FDA-durene/m-
Figure 7-3. FITR spectra of a) unmodified and b-d) cross-linked 6FDA-
durne/mPDA (50:50) dense films (obtained by an immersion in a 5% wt/v p-












PDA (50:50) dense films modified by immersing in the same p-xylenediamine / 
methanol solution. The cross-linking rate may be described by the decrease in the 
calibrated intensity of the imide characteristic peak at 1350 cm-1 as a function of the   
immersion time. This is due to the fact that this peak intensity is not affected by the 
residual anhydride and dichroism effect (Pryde, 1993); thus, it presents the content of 
the imide group most accurately. The calibrated peak intensity can be expressed as 
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A1350/A1248, the area ratio of the peak to the internal standard peak at 1248 cm-1. Here 
the peak at 1248 cm-1 is attributed to the C–F stretching mode of the CF3 group and is 
used as an internal reference because its intensity is invariant with the cross-linking 
modification. The two peaks’ areas are determined based on the Lorentzian curve 
fitting as depicted in Figure 7-4. The changes in (A1350/A1248)t / (A1350/A1248)0, the 




Figure 7-4. Curve-fitting results of the FTIR spectrum of the cross-
linked polyimide outer layer (obtained by an immersion in a 5% wt/v 
p-xylenediamine methanol solution for 5 min).  
 
relative values of the calibrated peak intensity of the cross-linked to the unmodified 
samples, as a function of immersion time (t) are shown in Figure 7-5 for both outer   
layers of dual-layer hollow fibers and 40-µm-thick flat dense films. Because a faster 
decrease in (A1350/A1248)t / (A1350/A1248)0 indicates a faster cross-linking rate, Figure 7-5 
suggests that the outer layer of dual-layer hollow fibers has a faster cross-link rate and  
a higher degree of cross-linking than that of the thick dense film. For dense films, 
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Figure 7-5. Effect of immersion time on the relative values of the 
calibrated peak intensity at 1350 cm-1 (a:  the outer polyimide 
surface of a dual-layer hollow fiber; b) the outer surface of a 40-µm 
thick polyimide dense film.






















According to Liu et al.’s results, membrane swelling by the methanol cross-linking 
solution is the rate-determining step for the cross-linking process (Liu et al., 2001d). 
Because the dual-layer hollow fibers have a thin dense selective outer skin made of 
nodules and a porous inner substructure, it is much easier for the diffusion of the 
methanol modification solution into the dual-layer hollow fiber than that into a thick 
dense film. As a result, the dual-layer hollow fiber has a faster cross-link rate and a 
higher degree of cross-linking. 
Figure 7-6 shows a comparison of PES’s FTIR spectra of unmodified and modified  
dual-layer hollow fibers after carefully removing the thin polyimide outer layer. No 
apparent changes in the chemical structure of the PES inner layer can be detected. It 
clearly indicates the immune property of the PES inner layer to the proposed chemical 
cross-linking modification. The inert property of the PES inner layer gives us the 
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Figure 7-6. FTIR spectra of the PES inner layers of a) unmodified and 
b) cross-linked dual-layer hollow fibres (obtained by an immersion in a 
5% wt/v p-xylenediamine methanol solution for 16 h). 
a
ssurance that there is no significant adversary effect of the chemical crosslinking 
modification to the inner substrate layer. In the case of mechanical properties, the 
cross-linked dual-layer hollow fibers obtained by an immersion in a 5% (w/v) p-
xylenediamine/methanol solution for 16 h remain flexible, while a 1 h immersion 
makes single-layer asymmetric 6FDA-durene/mPDA (50:50) hollow fibers fragile. 
7.3.3 Effects of cross-linking modification on gas separation properties 
Five dual-layer fiber modules were prepared under the same conditions as those for the 
chemical cross-linking modification. Module 1 is used as the reference and modules 2-
5 were immersed in a 5% (w/v) p-xylenediamine/methanol solution for 0.5, 1, 3, and 5 
min, respectively. In comparison with the case of polyimide dense films (Liu et al., 
2001d), the concentration of the p-xylenediamine/methanol solution was reduced to 
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half and the immersion time was shortened to obtain suitable degrees of cross-linking 
because of the faster cross-linking rates occurring in the outer layer of dual-layer 
hollow fibers as discussed previously. 
Tables 7-1 and 7-2 shows the gas separation properties of the reference module and 
Table 7-1. Gas permeance of the reference and cross-linked polyimide/PES 











a: Measured at 23 °C with a feed pressure of 200 psi for O2, N2 and CH4, and 
100 psi for CO2
b: 1 GPU = 1 x 10-6 cm3 (STP)/cm2.sec.cmHg
Table 7-2. Gas permselectivity of the reference and cross-linked 











a Measured at 23 °C with a feed pressure of 200 psi for O2, N2 and CH4, and 100 psi for CO2
cross- linking modified modules, which are referred to as modules 1a, 2c, 3c, 4c, and 
5c, respectively. 
Clearly, cross-linking modification of dual-layer hollow fibers results in a decrease in 
the gas permeation rate and an increase in the gas separation factor for CO2/N2 and 
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CO2/CH4. In addition, a longer immersion results in a lower gas permeation rate. 
However, the cross-linking modification shows a much smaller effect on the gas 
separation factor for O2/N2. This phenomenon may be due to the fact that kinetic 
diameters of O2 (3.46 Å) and N2 (3.64 Å) are much closer than that between CO2 (3.3 
Å) and N2 (3.64 Å) or CH4 (3.80 Å). The crosslinking modification may also tighten 
the interstitial space among polymeric chains; thus, it results in a much higher 
diffusion resistance for big gases (O2, N2, and CH4) than for the elongated CO2 gas 
molecules. The percentages of permeance drops for various gases calculated from 
Table 7-1 support our hypothesis. The improvement of selectivity of CO2/CH4 and 
CO2/N2 may also be explained as the assistance of hydrogen bonding between CO2 and 
–NH- of amide group. 
Figures 7-7 and 7-8 display the gas permeation rates of a relatively uncondensable gas, 

















Figure 7-7. The effect of feed pressure on N2 permeance of virgin and cross-
linked polyimide/PES dual-layer hollow fibers. Modules 1a, 2c, 3c, 4c, and 5c are 
the same samples as listed in Table 7-1.
 
N2, and a relatively condensable gas, CO2, measured over a pressure range from 50 to 
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500 psig at 23 °C. For glassy polymers, their pressure dependence of gas permeance 
may be expressed by the dual-mode sorption model (Koros and Fleming, 1993; Stern, 
















Figure 7-8. The effect of feed pressure on CO2 permeance of virgin and cross-
linked polyimide/PES dual-layer hollow fibres. Modules 1a, 2c, 3c, 4c, and 5c are 
the same samples as listed in Table 7-1
 







1        (7-1) 
where F=DH/DD; K=c'Hb/kD; kD is the solubility coefficient of the penetrant gas 
population dissolved in the polymer matrix by the Henry’s law mode; c'H is a 
Langumir capacity constant, which represents the maximum concentration of the 
penetrant population dissolved by the Langmuir mode; b is a Langmuir affinity 
constant (a kinetic factor); and DD and DH are the mutual diffusion coefficients for the 
penetrant gas population dissolved in the polymer by the Henry’s law and the 
Langmuir modes, respectively. The derivation of equation (7-1) is based on the 
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assumption that the polymer is not significantly plasticized by the penetrant gas, and 
DD and DH are constant. 
Since polyimide/PES dual-layer hollow fibers cannot be plasticized by the absorption 
of N2, the experimental results shown in Figure 7-7 indicate that the N2 permeance of 
dual-layer hollow fibers does not increase but decreases with an increase in the feed 
pressure. This relationship is consistent with the prediction of equation (7-1) and the 
partially immobilized dual-sorption model (Paul and Koros, 1976) because the 
Langmuir sites are rapidly saturated and have a much smaller contribution to the 
overall diffusivity. 
In contrast, Figure 7-8 illustrates that the CO2 permeance of dual-layer hollow fibers 
shows an upward relationship with increasing feed pressure in the whole pressure 
range from 50 to 500 psig. This phenomenon arises from the fact that plasticization 
induced by the absorption of condensable CO2 results in increased free volume and 
polymer chain mobility. The upward inflection in gas permeability when the feed 
pressure is higher than the plasticization pressure has been extensively investigated on 
thick polymeric dense films (Coleman and Koros, 1997; Ismail and Lorna, 2002b; 
Thundyil et al., 1999). However, the degrees of CO2 plasticization on thick dense films 
and dual-layer fibers are different. Figure 7-8 depicts that the CO2 permeance of the 
unmodified dual-layer hollow fibers, module 1a, increases with increasing pressure in 
the whole measurement range starting from 50 psig and by 4.1 times when the feed 
pressure reaches 500 psig. The higher permeance increase is due to the fact that the 
plasticization initiates at a lower feed pressure (less than 50 psig) for the dual-layer 
hollow fibers, indicating that the thin asymmetric polyimide outer layer is more 
subjected to plasticization than a thick dense film. A similar phenomenon has been 
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observed by Prof. Koros’ research group (Jordan et al., 1990), who reported that the 
plasticization of single-layer asymmetric hollow fibers is heavier than that of thick and 
flat dense films. The easier plasticization for asymmetric hollow fibers probably results 
from the fact that the thin dense selective layer of hollow fibers consists of loosely 
packed nodules. Thus, they can be swollen easily with the CO2 absorption. However, 
Prof. Freeman and co-workers also provided useful insight on plasticization (De 
Angelis et al., 2002; Nagai et al., 2000). 
Figure 7-8 also shows that the proposed chemical cross-linking modification is 
efficient to suppress the plasticization of the dual-layer hollow fibers induced by CO2. 
The cross-linked dual-layer hollow fibers, modules 2c, 3c, 4c, and 5c, obviously have 
lower permeance increases with an increase in the feed pressure when compared with 
unmodified module 1a. In addition, a higher degree of cross-linking resulting from a 
longer immersion time leads to a lower plasticization tendency. The improvements in 
anti-plasticization properties may be attributed to the fact that (1) the proposed cross-
linking modification macroscopically tightens and strengthens the polyimide nodules, 
thus reducing the CO2 sorption and hindering the nodules from swelling, as well as (2) 
microscopically stiffens polymer chains which would not allow for increased chain 
mobility and increased diffusivity. As a result, the integrity of the outer thin dense 
selective layer and its effective thickness are less susceptible to CO2 sorption after the 
chemical modification. 
7.4 Conclusions 
A simple and novel chemical cross-linking method could be used to enhance the 
resistance to plasticization of polyimide dual-layer hollow-fiber membranes. A dual-
layer hollow-fiber structure is purposely chosen for the concept demonstration because 
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the proposed chemical modification can only take place at the outer fluoropolyimide 
selective layer. The chemical modification of the dual-layer hollow fibers is 
accomplished just by immersing the dual-layer fibers in a low-concentration p-
xylenediamine/methanol solution for a very short period at ambient temperature. FTIR 
spectra indicate that the cross-linking reactions take place between the imide groups 
and p-xylenediamine and form amide groups. For inner layer, FTIR spectra show no 
visible chemical structure changes, indicating that the proposed chemical cross-link 
modification does not affect the PES inner layer. 
The chemical cross-linking modification results in decreases in gas permeation rates 
for CO2, CH4, O2, and N2; however, the separation factors of CO2/N2 and CO2/CH4 
show a significant increase after the modification. The most impressive property of the 
cross-linked dual-layer hollow fibers is their enhanced resistance to plasticization of 
polyimide membranes. The CO2-induced permeance increase with the feed pressure 
has been remarkably suppressed. 
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CHAPTER EIGHT 
FABRICATION OF LAB-SCALE HOLLOW FIBER MEMBRANE 
MODULES WITH HIGH PACKING DENSITY 
8.1 Introduction 
Over the past decades, membrane gas separation processes have been ceaselessly 
cultivated and become an attractive separation and purification technology since Loeb 
and Sourirajan invented asymmetric cellulose acetate membranes for the reverse 
osmosis process in late 1950’s (Loeb and Sourirajan, 1963). Significant improvements 
in membrane materials, fabrication methods, module construction, and process design 
have made this technology capable of meeting the demands of continuously increasing 
market (Gantzel and Merten, 1970; Gardner et al., 1977; Antonson et al., 1977; Henis 
and Tripodi, 1980, 1981; Baker, 2002). 
Membrane modules are the core element in membrane based separation and 
purification systems (Figure 2-1 in Chapter Two). Module configuration may affect 
system performance dramatically. Thus, proper design and fabrication of lab-scale 
membrane modules could minimize the influence of non-membrane factors to provide a 
platform in order to evaluate membrane performance as well as to compare results from 
different research groups. Besides, such membrane modules may generate more reliable 
experimental data for further scale-up. 
In private sectors, tremendous efforts have been made to improve membrane separation 
performance through multifarious membrane module designs. However, most of them 
are kept in confidential or treated as proprietary technologies. The purposes of this 
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work are to summarize the basic module fabrication technology and reveal the 
procedure that we have developed for the construction of lab-scale hollow fiber 
modules.  
8.2 Development of hollow fiber modules for gas separation 
In general, membrane modules may be classified into three types; namely, plate & 
frame, spiral wound and hollow fiber modules. More than 80% of membrane gas 
separation facilities have employed hollow fiber modules as separation units in industry 
(Baker, 2002) because of their unique characteristics of self-support, high membrane 
packing density and high membrane surface to volume ratio. Normally, the membrane 
surface to volume ratio is about 100-150 ft2/ft3 for plate and frame modules, 200-250 
ft2/ft3 for spiral wound modules, and 2000-4000 ft2/ft3 for hollow fiber modules. 
The main requirements of the construction of commercial hollow fiber modules for gas 
separations may be summarized as follows: 
- Mechanical strength. Housing and membrane tube sheets have to withstand 
the operating pressure, thermal environment and chemical attack, and have a 
long working life.  
- Fibers & fiber arrangement. The fiber quality has to be controlled. The fibers 
in modules may be arranged in a parallel or a helical pattern and have to be 
distributed uniformly in the shell. The volume-based packing density should be 
around 45% to 60% to avoid a lower or higher packing density. 
- Flow patterns. The gas flow patterns may be designed as cocurrent, 
countercurrent or cross-flow, according to the requirements and product 
178 
   
 
specifications. The gas mixture can be fed either to the bore side or the shell 
side of hollow fibers. 
- Economy. Material (both membrane and housing) costs and working life have 
to be considered simultaneously. Convenience for maintenance and replacement 
of membrane bundles is necessary. 
 Hollow fiber modules may have different configurations to meet the needs of different 
applications. The most common one is the shell-side feeding hollow fiber module and 
its structure is illustrated in Figure 8-1. It can be seen that two tube sheets hold the fiber 
Figure 8-1. Shell-side fed hollow fiber module






ends in place and separate the retentate from the permeate flow. One is a plug-sealed 
tube sheet in which the openings of fiber ends are blocked by the epoxy resin; the other 
is an open-end tube sheet in which the bores of hollow fibers are exposed. The flow 
pattern inside the module is counter-current flow. This configuration could be used for 
the cases of high pressure-difference between the shell side and fiber lumens such as 
hydrogen recovery from the purge gas of ammonia plants, where the driving force 
across the membrane could be as high as 110 atm. For commercial products, the 
module diameter could be as great as 8 inches with 3 meters long in length. However, 
the pressure drop of permeate gas along the hollow fibers might increase which results 
in performance decay if the bundle is too long (Antonson et al., 1977; Chern et al., 
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1985). Air Products’ Prism® is a typical representative of this kind of modules. Table 8-
1 summarizes the characteristics of a commercial hollow fiber module made by 
Monsanto Company for hydrogen recovery. 
Membrane material Polysulfone 
(P3500 from Union Carbide)
ID / OD of f ibers (micro meter) 120~260/450~540
H2 permeability (GPU) 50
Module selectivity H2 / CH4 30
ID of module (inch) 4
Length (meter) 3
Number of f ibers ~ 20,000
Effective membrane area (m2) ~ 93
Packing density (%) 43 ~ 56




Temperature ( oC ) ~ 30
Table 8-1. Characteristics of a Monsanto commercial module for H2 recovery
in US patent 4315819 & 4172885
  
A hollow fiber membrane module with bore-side feeding is showed in Figure 8-2. The 
bundle of hollow fibers might be either removable or fixed on the shell by centrifugal 
Figure 8-2. Bore-side fed hollow fiber module
Hollow fibers Epoxy tube sheet
Feed gas Retentate
Permeant
 casting. The feed stream is introduced uniformly into the bore side of fibers. A 
sweeping gas could also be applied in order to enhance separation efficiencies, as there 
are two outlets on the shell. The module diameter could be as large as 12 inches while 
the module length is around 2 to 3 meters. Nevertheless, the pressure of feed gas cannot 
be as high as that for shell-side feeding modules. Dow Chemical applied this 
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configuration of module named GENERON® to air separation in 1985 (Henwood and 
Krueger, 1987).  
A membrane module featuring a central tube for feed gas distribution in the shell side is 
another configuration, as shown in Figure 8-3. The flow pattern in the module is radial 









 cross-flow (Thundyil and Koros, 1997). The function of the central tube is to eliminate 
the concentration polarization in the upstream when scaling-up to a larger diameter (e.g. 
12 inches of diameter). This design is more commonly used in liquid separation than in 
gas separation. The above-mentioned configuration can also be achieved by forming a 
membrane bundle with knitted hollow fiber fabrics instead of individual hollow fibers. 
Figure 8-4 shows the structure of a hollow fiber fabric array. Hollow fiber fabrics are 
woven with fine polymeric multifilament as the warp and hollow fiber membrane as the 
weft. The fabric is then wound around a central distribution tube. All the hollow fiber 
membranes, substantially parallel to the central distribution tube, are held in place 
relative to each other by the transverse warps. The straightness of hollow fibers in the 
knitted fabric is kept well, as shown in the insert in Figure 8-4. Wickramasinghe et al. 
reported that for removing oxygen from water into excess nitrogen, the hollow fiber 
fabric modules gave mass transfer, which is up to ten times faster than that in 
commercial modules based on similar hollow fibers at low flow rates (Wickramasinghe 
et al., 1993). Flow-directing baffles (Prasad et al., 1994) and turbulence promoting 
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webs (Mancusi et al., 1993) could be used to overcome flow channeling and enhance 
mass transfer efficiency. It was reported that the mass transfer coefficients could be 
increased five times by the installation of flow-directing baffles (Wang and Cussler, 
1993). The fabric configuration has been used for the design of Liqui-Cel® membrane 
contactors. A helical hollow fiber cartridge is another configuration of hollow fiber 
modules with a central distribution tube. The bundle of hollow fibers is wound helically, 
with successive layers wound in alternating directions. The unique feature of this 
design is that the hollow fibers also act as spacers at the shell side. Channeling can be 
eliminated. (Figure 8-5) This configuration has been applied to blood oxygenation as 
well as gas separation (Raible, 1993; Bikson and Giglia, 1989).
Weft 
 
0.5 mm Warp 
Figure 8-4. Hollow fiber fabric bundle with a central distribution tube
It is recognized that the process of two-stage permeators can achieve better separation 
efficiencies than that of single-stage ones (Liu et al., 2001a). Figure 8-6 depicts the 
structure of a novel integrated two-stage hollow fiber membrane module or called as an 
internally staged permeator (ISP) that can attain similar effects as the process of two-
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Figure 8-6. Integrated two-stage hollow fiber module
Hollow fiber in the second stage bundle
Hollow fiber in the first stage bundle
Feed gas
Retentate 
from the first stage bundle
Permeant
from the shell side Permeantfrom the second stage  bundle
stage permeators. In an ISP, two bundles of hollow fiber membranes (the performances 
might be either different or same) are housed into a four-head permeator. A feed gas is 
introduced from the bore side of the 1st bundle and permeates into the shell side of the 
module. The shell side of the module functions as the permeate side for the 1st bundle 
and as the feed side for the 2nd bundle. The gas in the shell side then continuously 
permeates into the bore side of hollow fibers in the 2nd bundle and flows out eventually. 
This configuration has been utilized for gas separations (Liu et al., 2001b; Sidhoum et 
al., 1988, Li et al., 1991). 
Li et al. also developed another type of ISP based on the same concept, as shown in 
Figure 8-7(Li et al., 1998). It consists of a bundle of annular hollow fibers formed using 
a triple-layer annular-tube spinneret.  An annulus space exists between the inner and 
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Figure 8-7. Novel configuration of internally staged permeator
Annular hollow fibers
Shell sideAnnular space











Submerged hollow fiber modules 
Air nozzles 
Vacuum pump Clean water Waste water 
Figure 8-8. Application of submerged hollow fiber modules 
outer walls of each hollow fiber, which acts as the permeate side for the outer 
membrane and the feed side for the inner membrane. They demonstrated that such a 
configuration might enhance gas separation performance. 
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Except aforementioned hollow fiber modules that are made of hollow fiber bundles and 
cylindrical shells, a hollow fiber module could also be constructed as unconstrained 
curtain-shape module that could be submerged in a liquid container. Figure 8-8 is a  
schematic diagram of a wastewater treatment system in which such an unconfined 
curtain-shape hollow fiber module is incorporated into the design of bioreactor as the 
solid-liquid separation platform. Drifting air bubbles can provide surface shear to 
effectively prevent the membranes from deposition and fouling. Permeate is removed 
by suction to avoid pressurizing the bioreactor. Submerged unconfined hollow fiber 
module configuration is especially applicable for the treatment of high solid containing 
water (Fane et al., 2002; Chang et al., 2002). 
8.3 Limitations of small modules for performance prediction of industry-scale 
membrane systems 
Normally, small modules are made of ten to twenty pieces of hollow fibers and tested 
for performance evaluation via pure gas and/or mixed-gas tests. The assumption of an 
isothermal operation is often taken because almost no temperature change could be 
detected in the experiments of such a small module. Additionally, the influence of flow 
pattern is not considered because of the small sizes of the modules with limited 
numbers of hollow fibers.  Thus, deviations in separation performances generated from 
small modules and industry-scale modules inevitably exist due to the following factors. 
8.3.1 The Joule-Thomson effect 
The change in temperature may take place when a non-ideal gas expands through a 
porous plug into a lower pressure space. This phenomenon is known as the Joule-
Thomson Effect (Burnett, 1923). Thus, the module temperature may change and affect 
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its separation performance for some non-ideal gaseous mixtures. This is especially true 
for the cases with high gas permeation. For example, the isothermal condition is no 
longer valid for the separation of carbon dioxide from methane when using Monsanto’s 
Prism® modules for upgrading landfill gas process (Early et al., 1983). Numerical 
modeling studies also suggested that the temperature decrease resulting from the Joule-
Thomson effect could lead to as much as 20% variations in the permeate composition 
for the specific natural gas separation (Rautenbach and Dahm, 1987). For cross-flow 
membrane modules, the Joule-Thomson effect causes different temperature variations 
for different gas pairs (Gorissen, 1987); temperature may increase by approximately 3 
°C for the H2/CO separation, and decrease by about the same amount for the air-
separation case. In the case of CO2/CH4, a larger temperature change has been 
observed. For example, the exit temperature from the module was calculated to be 30 
°C lower than the feed temperature for a 40 %(mole) CO2 mixture with methane at a 
feed temperature of 40 °C, a feed pressure of 70 bar, a permeate pressure of 2 bar, and a 
stage cut of 46%. However, the Joule-Thomson effect does not fully account for the 
overall temperature change. It had to be amended because membrane module is not a 
perfect insulator in terms of heat transfer (Cornelissen, 1993). For high performance 
polyimide membranes, the Joule-Thomson effect may cause a severe temperature drop 
as much as 40 °C between the feed and the residue in certain conditions (Coker et al., 
1999), thus making the difficulties of performance prediction and system scale up 
based on the data generated from small modules. 
8.3.2 The influences of fiber packing density, fiber properties, uniformity of fiber 
distribution, and flow patterns 
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A hollow fiber membrane module can provide an extremely high mass-transfer area 
mainly because of its high packing density of extreme fine hollow fibers. The packing 
density not only affects the magnitude of the permeate flux, but also separation 
efficiency.  Wu and Chen pointed out that fiber packing density could change the shell-
side mass-transfer coefficients as much as fivefold in a hollow fiber module for water 
degassing (Wu and Chen, 2000). Kosykh et al. simulated the process of bore-feed gas 
separation and found an optimized packing density to achieve the maximum permeate 
flux (Kosykh et al., 1990).   
Rautenbach et al.. evaluated how variations in hollow fiber properties affected the 
performance of hollow fiber membrane modules for air separation. They found that 
variations in skin thickness, diameter and selectivity could significantly affect the 
product purity if the desired product was the ‘slow’ gas (i.e. nitrogen) (Rautenbach et 
al., 1998). Lemanski et al. (1999) and Lemanski and Lipscomb (2000) obtained similar 
results when they evaluated hollow fiber modules with counter-current flow and cross 
flow patterns. 
The uniformity of fiber distribution may also significantly affect module performance. 
Zheng et al. found mal-distribution of fluid flow in the shell side of a randomly packed 
hollow fiber module became more serious when the packing density was increased 
(Zheng et al., 2003). Bao and Lipscomb) reported that the packing pattern of hollow 
fibers in a module might affect module performance when the gas permeation was high 
for air separation (Bao and Lipscomb, 2002). Module packing procedure is one of the 
factors that affect module uniformity. For commercial modules with a bigger diameter, 
all the fibers might be divided into many smaller sub-bundles first and then aggregated 
to form a big bundle (Maxwell et al., 1965). This might be due to the fact that it is 
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easier to parallel each other for fibers in a small bundle. The profile of hollow fibers is 
another factor. In Monsanto’s Prism® modules, the “crimped” hollow fiber membranes 
were used to “create” sufficient and uniform space around hollow fibers to prevent 
uneven concentration distribution of feed gas at the shell side in large-scale modules 
(Leonard, 1979).  
Flow patterns in hollow fiber modules could be counter-current, co-current and cross-
flow as well as prefect-mixing flow. They could also affect a module’s efficiency. 
Many mathematical models were developed to simulate the effects of flow patterns on 
separation efficiency in various separation processes (Boucif et al., 1986; Chen et al., 
1995; Coker et al., 1998; Ettouney et al., 1999; Feng et al., 2000; Giglia et al., 1991; 
Gill and Bansal, 1973; Gryte, 1979; Gupta et al., 1994; Haraya et al., 1988; Hwang et 
al., 1980; Kaldis et al., 1998; Liu et al., 2000a; Mancusi et al., 1993; Narinskii, 1991; 
Noda and Sidhoum et al., 1989; Pan, 1983; Pettersen and Lien, 1994; Ponelis, 1994; 
Prasad et al., 1994; Qin and Cabral, 1997; Rautenbach and Dahm, 1986; Singh et al., 
1995; Smart et al., 1996; Tan and Li, 2002; Zander et al., 1989). The counter-current 
pattern generally presented higher separation efficiency. However, for high-flux 
membranes, it may not be the preferred operating mode (Liu et al., 2000a; Pan, 1983; 
Sidhoum et al., 1989; Tanihara et al., 1992).  
8.4 Objectives 
Although many patents have discussed the preparation of commercial scale hollow 
fiber modules, many special tools are involved in the fabrication and the process is 
usually too complicated to implement in laboratories. Furthermore, the detailed 
fabrication procedures of industrial scale membrane modules have always been treated 
as proprietary information.  
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Using lab-scale hollow fiber membrane modules with high packing density close to 
industrial ones for performance evaluation by means of mixed-gas tests may provide a 
feasible approach to bridge laboratory studies and practical utilizations. Thus, 
systematic study and teaching on the fabrication of lab-scale hollow fiber modules with 
high packing density is urgently needed. The major challenges in the fabrication of 
such modules include 1) how to make lab-scale modules with similar packing density 
as commercial modules, and 2) how to explore an easy method to assemble and 
dismantle the modules. Therefore, the purposes of this paper are to study and 
demonstrate a simple way to fabricate lab-scale hollow fiber membrane modules with 
commercial level of packing density by using commercially available standard parts. A 
detailed procedure will be described step by step. This know-how based technique is 
expected to provide a close linkage between the lab-scale research and practical 
applications, as the results coming from the high packing density modules are more 
indicative and significant for further module scaling-up or industrial applications of 
membranes for gas separation.  
8.5 Fabrication of lab-scale hollow fiber modules with high packing density 
The diameters of commercial modules may vary from 1 to 12 inches and the most 
common ones are between 2 to 8 inches. For lab-scale modules, a suitable module 
diameter may be in the range of ½ to ¾ inches when taking the material consumption 
and operational cost into consideration. The module packing density is one of the most 
important parameters to reflect the mass and heat transport effects when the module 
sizes change. Lab-scale hollow fiber modules with high packing density should meet 
following requirements: 
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1) The packing density should be close to that of commercial modules, which is usually 
above 45%; 
2) The assembling and dismantling processes should be as simple as possible; 
commercially available parts, apparatus and materials are preferred for the module 
construction. 




Hollow fibersEpoxy resin Bush
Connectors
Figure 8-9. The structure of lab-scale modular module
 Basically the fabrication procedure consists of 5 steps: 1) shell preparation, 2) bundle 
preparation, 3) module assembling, 4) epoxy casting, and 5) post-treatment. Table 8-2 
lists the parts, materials and tools involved in the module fabrication.  
8.5.1 Module shell preparation 
The criteria for the preparation of module shell are 1) the simplicity of assembling 
process, 2) the reliability of module performance, and 3) the reusability of module 
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Item involved Supplier Specification Catalog number
OD = 1/2"






Epoxy resin Vantico Araldite 5-min-cured N/A
Epoxy resin Vantico Araldite 90-min-cured N/A
Epoxy resin Vantico LY 564 N/A
Hardener Vantico HY-2954 N/A
Connector Swagelok 1/4" OD x 1/2" female NPT SS-400-7-8
Reducing union Swagelok 1/4" OD x 1/2" OD SS-810-6-4
Teflon tape Any hardware supplier N/A N/A
Parafilm M film Any lab consumables 
supplier
N/A N/A





B Braun Perfusor fm N/A
Disposable 
syringes
B Braun 30 ml & 50 ml N/A
Extension tube B Braun Heidelberg 4097173
PID temperature 
controller Room temperature to 200 
oC,
Heating tape Less than 100 W
Thermocouple
Tube cutter Swagelok 3/16" to 1/2" for stainless 
steel tubes
MS-TC-308
Tube deburring tool Swagelok For deburring3/16"ID to 1-1/2" 
OD stainless steel tube
MS-TDT-24
Testing-tube brush, 
operating knife & 
spanner
Any lab consumables 
supplier 1/2" N/A
Shell Tube Swagelok SS-T8-S-035-6ME
Tube sheet
Male run tee Swagelok SS-810-3TMT








Table 8-2. Parts, materials and tools involved in a modular module fabrication
 materials. Commercially available sources are preferred. A set of standard tubing 
fittings from Swagelok is used to make the module in this paper. Once all the materials 
and tools are ready, the procedures for the preparation of a module shell are as follows: 
a)  Use a tube cutter to cut a piece of ½” stainless steel tube with a desired length and 
employ a tube deburring tool to smoothen the inner edge of cross sections at two 
ends.  
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b)  Use a testing-tube brush to clean the fittings and clean the inner surface of the tube 
using a piece of cloth attached at the middle of a string. Then clean all the other 
parts by using acetone. 
c)  Fabricate the shell by assembling the tube and a pair of male run tees together; 
apply Teflon® tape on the NPT (National Pipe Taper) threads of the male run tees 
for sealing purpose; screw a pair of Cajon male-female bushings on the male run 
tees using spanners, as shown in Figure 8-9.  
d)  Wrap more Teflon® tape on the NPT threads of two bushings in order to prevent 
the threads from being adhered to epoxy resin during the tube sheets casting at later 
step 8.5.4. 
8.5.2 Module bundle preparation 
a)  With an assumption of 30% to 50% packing density, calculate required fiber 
numbers and fiber length based on the diameter of hollow fibers and the length of 
module. 
b)  Cut fibers to a desired length, remove visibly defective fibers (e. g. fibers with 
uneven thickness, collapses and creases); place the remaining fibers in parallel 
order and put them together as a fiber bundle (Figure 8-10A). 
c)  Cut a piece of Parafilm M® barrier film with a dimension of about 40 mm long and 
10 mm wide; remove the paper backing; hold the Parafilm at each end and stretch it 
slowly without snapping to 4 or 5 times of its original length; wrap it on one end of 
the fiber bundle before it relaxes to a natural status (Figure 8-10B). The end of the 
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fiber bundle will become denser because of the shrinkage of the film. Cut the 
wrapped end with a razor blade to yield a smooth cross section (Figure 8-10C). 
d)  Encircle this end with a thin string and make sure its diameter is smaller than the 
inner diameter (ID) of the shell (Figure 8-10D, top portion). 
A B E F GC D
Figure 8-10. Bundle preparation & module assembly
 
8.5.3 Module assembly 
a)  Place the shell vertically on a holder and leave enough space under the module shell 
so that it can accommodate the fiber bundle (Figure 8-10E). 
b)  Lay a long string through the shell lumen and tie with the thin string that is roped 
upon the fiber bundle as shown Figure 8-10E (top portion). 
c)  Pull the long string gently upwards so that the fiber bundle is housed in the shell at 
a designated position. The untied portion of the fiber bundle (the part outside the 
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module) should be suspended freely and hung loosely, thus the fibers become 
ordered and packed naturally when being pulled into the shell.   
d) Repeat the step 8.5.2-c and wrap the other end of fiber bundle with a piece of 
Parafilm M® film. Each end should emerge out of the module shell with a length of 
10 mm (Figure 8-10F). 
8.5.4 Epoxy resin tube sheets casting 
Epoxy resins are usually applied to tube sheets in order to isolate the permeate stream 
from the retentate. The epoxy curing process is an exothermic reaction and the heat 
generated speeds up the curing reaction that releases more heat. The heat may affect the 
membrane mechanical properties and morphology. This phenomenon becomes serious 
when the size of a tube sheet scales up. Methods that may help to reduce this negative 
effect include 
• Pre-curing before potting;  
• Jacket mold with circulated cooling water to dissipate heat; 
• Adding metal powder filler to improve heat transfer property; 
• Selecting proper curing agents to reduce the generation of reaction heat. 
In our case, this effect is not critical since the size of the tube sheet is small. Besides, 
the wall of the tube sheet holder is made of metal, which is a good conductor of heat. 
The metal’s heat capacity is large enough to dissipate the heat generated during curing. 
The step-by-step procedure for the lab-scale module potting is given below: 
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a)  Apply a layer of Araldite® 5-min curing adhesive on the cross sections of the 
bundle ends to seal each hollow fiber and prevent the creeping of epoxy through the 
fiber lumens by the capillary flow (Figure 8-10G). 
b)  Fabricate a disposable casting holder for the precise metering of epoxy flow during 
potting. For example, cut a 30 ml disposable lunar-lock syringe (from B Braun) into 
two parts and save the front needle portion with a length of about 30 mm as a 
putting holder. Connect it with another 50 ml lunar-lock syringe by an extension 
soft tube (P/N 4097173 from B Braun) (Figure 8-11A and B). 
Figure 8-11. Preparing for epoxy resin tube sheet casting 
 
c)  Load the 50 ml lunar-lock syringe to the syringe pump (Perfusor® fm from B 
Braun) and place the putting holder underneath the module and seal their joint with 
Teflon® tape. (Figure 8-11C) 
d)  During the casting, uncured epoxy resin may creep upward along the outer surface 
of tightly packed fibers because of capillary effect and surface tension. As a result, 
it may block the passageway in the shell side. Therefore, clean compressing air is 
required to blow downward throughout the shell-side to ensure the passageway is 
unblocked until the epoxy resin is fully cured (Figure 8-11C). 
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e)  Wrap a flexible heating tape around the lower end of the module in order to cure the 
epoxy resin at a specific temperature (e.g. 60 °C). A thermocouple is attached to the 
putting area to monitor the temperature. A programmable PID controller is used for 
temperature control. 
f)  Heat 30g of epoxy resin (Araldite® LY 564 from Vantico) in a disposable plastic 
beaker at 60 °C for 30 min and then mixed it with 10.5g of hardener (HY 2954 from 
Vantico), degas the mixture under vacuum for 15 min after mixing. 
g)  Fill the 50 ml syringe with the epoxy resin mixture slowly so that no air bubbles are 
generated. Put in the piston and manually push it forward to discharge any air 
trapped in the syringe; connect the syringe back to the casting holder and 
continuously push the piston until the liquid-like epoxy mixture just touches the 
fiber bundle; install the syringe back to the syringe pump. 
h)  Set the flow rate of syringe pump at 3-4 ml/hr and turn on the syringe pump. Once 
the epoxy resin can be observed from the lower outlet of module shell, change the 
flow rate to 0.05 – 0.1 ml/hr (The whole process may take 1 hour approximately). 
Put a ½” diameter Teflon® tubular stub inside the lower outlet to prevent it from 
epoxy contamination. 
i)  Keep the tube sheet temperature at 60 °C for two more hours, then raise it to 80 °C 
and keep it for one day (24 hrs) till the epoxy resin being fully cured. 
j)  Repeat steps (b) to (i) to cast the other tube sheet in the other end. 
8.5.5 Post-treatment after casting 
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Remove the solidified epoxy resin located outside the module tube sheets with a 
handsaw and cut a clean cross section using a sharp operating blade (knife); clean up 
residual epoxy resin on the thread area; seal two tube sheets of the module by 
connectors and reducing unions. 
8.6 Method to increase the packing density of a lab-scale module 
8.6.1 Definition of packing density 
The packing density of a hollow fiber module is defined as the fraction of the cross 
section area of all fibers over the cross section area of the module, i.e.: 
mod
( )




Cross Section Area of a Fiber A
Packing Density No of Fibers n
Cross Section Area of Module A








n×=φ         (8.2) 
8.6.2 Ideal packing density 
As shown in Figure 8-12, cylindrical hollow fibers could be ideally packed together in  
two approaches. One is square close-packed arrangement; the other is hexagonal close-
packed arrangement. If the boundary effect is ignored, the entire cross section could be 
divided into either a series of unit squares or a series of unit triangles with a length of 
side equal to the diameter of the hollow fibers. The overall packing density could be 












OD      (8.3) 
for the square close-packed arrangement;  
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ππφ   (8.4) 
for the hexagonal close-packed arrangement.  




8.6.3 Boundary effect 
Since hollow fibers are housed in a cylindrical module shell, the void existing nearby 
the module shell makes the real packing density smaller than the ideal ones. Taking the 
hexagonal close-packed case as an example, for a module fitted with 7 fibers as shown 
in Figure 8-13, the maximum packing density expressed as follows is smaller than the 
ideal case (90.7% in equation 8.4): 
2
, m od 2
7 ( / 2) 7 77.8%
9(3 ) / 2
fiber





⎡ ⎤× ×⎣ ⎦= =⎡ ⎤× ×⎣ ⎦
=    (8.5) 
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Figure 8-13. Boundary effect
 
8.6.4 Packing density of a real module 
For a commercial hollow fiber membrane module used for gas separation, lower 
packing density may lead to flow channeling outside the hollow fibers. In contrast, 
higher packing density may result in a reduction of the flow space available for the feed 
stream and retentate (for shell-side feeding), which may cause an unexpected higher 
pressure drop. Thus the preferred packing density is around 45% to 60%. 
It is not difficult to obtain packing density up to 45% in industrial-scale module 
fabrication with the use of a netlike flexible sleeve. It can also be achieved in lab-scale 
module fabrication with the procedure disclosed here. Figure 8-14 shows the cross 
section image of a ½” diameter lab-scale module. The module inner diameter is 10.9 
mm and the outer diameter of hollow fibers is 0.355 mm. Total 465 pieces of fibers 
were included into the module. The packing density is 49.3%.  
However, packing density up to 60% can only be achieved by special methods. For 
instance, the fiber bundle can be encased in a flexible impermeable sleeve and then 
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compacted by applying vacuum on it (Bogart, 1982). Thus the fibers can be packed 
Figure 8-14. A sample of lab-scale modules
 closer to one another. However, packing density above 65% is rarely reached in 
industrial module fabrication. For lab-scale module fabrication, the methods to attain 
higher packing density will be discussed in following section. 
8.6.5 Improvement of packing density of lab-scale modules 
The packing density is known as sec
sec
Fiber corss tion areaNumber of fibers
Modulecross tion area
× . Supposing the 
diameter of fibers is fixed, higher packing density may be achievable by either 
increasing the number of fibers or reducing module cross-sectional area. Our 
experiences showed that for a ½” lab-scale module, the maximum packing density 
achieved by increasing fiber number was about 50%. A packing density close to the 
ideal packing density could be obtained by reducing module cross-sectional area. There 
are two ways to reduce it as described below.  
8.6.5.1 A non-vacuum method to reduce module cross-sectional area 
The basic concept of this approach is to reduce the space between the fiber bundle and 
the module by filling it up with epoxy. The following lists the steps. 
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a)  Take a ½” diameter module shell assemble as shown in the Section 8.5.1 and fill it 
with 352 pieces of hollow fibers with 0.355 mm OD. Repeat Section 8.5.2 and 
prepare a hollow fiber bundle. The resultant module has a packing density of 37% if 
no cross-sectional area modification (Figure 8-15A). 
b)  Hang the fiber bundle vertically and disentangle the fibers carefully from top to 
bottom to maintain the fibers parallel. Measure the length of stainless steel tube 
(excluding fittings) and mark the same length on the fiber bundle from the middle 
(Figure 8-15B). 
c)  Wrap a layer of Teflon® tape spirally from the top mark to the bottom mark, then 
wrap a layer of Parafilm M® film spirally on the Teflon® tape, finally wrap another 
layer of Teflon® tape spirally on Paraflim M® again (Figure 8-15B & 8-15C). The 
structure is similar to a sandwich. The inner Teflon® layer provides protection for 
hollow fibers. The middle Parafilm M® layer is to isolate and seal the fiber bundle 
from surroundings. As such, no liquid epoxy resin will penetrate through this layer 
to contaminate the fibers in the next step of operation (in step (d)). The outer 
Teflon® layer provides protection for Parafilm M® layer from any physical damage 
during module fabrication. It also makes the epoxy resin casting into the gap 
between the fiber bundle and module shell much easier (in step (d)). 
d) Put the fiber bundle into the module tube. An annular space exists between the 
bundle and the tube. Before filling it with epoxy, one end (the bottom one) is fixed 
and sealed using a small piece of cotton strip dipped with Araldite® 90-min-curing 
DIY adhesive (Figure 8-15D). Prepare small amount of epoxy resin according to 
the instruction in step 8.5.4-f. Use a disposable pipette to fill the epoxy resin into 
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the annular space from the other opening (Figure 8-15E). Wait for 24 hrs until the 
epoxy resin is fully cured. 
e) Assemble the tube sheet fittings onto the above tube (similarly like step 8.5.1-c). 
Repeat step 8.5.4 and 8.5.5 to finish module tube sheet casting. 





























Figure 8-15. Non-vacuum method to reduce module cross-section area
 
Figure 8-16 shows the cross section of a bundle made by this method. One can find a 
lot of square close-packed arrangements (Figure 8-16A), hexagonal close-packed 
arrangements (Figure 8-16B) and only a few areas with non-ideal arrangements (Figure 
8-16C). After deducting the space occupied by the epoxy resin, the effective module 
inner diameter is 7.3 mm, thus the packing density of the sample module shown in 
Figure 8-16 is about 83%. One of the advantages of this method is that the fibers can 
maintain parallel. However, the drawback is the complicated fabrication procedure. 
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Figure 8-16. Cross-section of a bundle with high packing density
 
8.6.5.2 A vacuum method to reduce module cross-sectional area 
Instead of wrapping the bundle by the Teflon® and Parafilm M® films, this approach 
employs a non-permeable plastic sleeve as follows: 
a) A hollow fiber bundle with 352 pieces of fibers is put into a non-permeable plastic 
sleeve, which has a similar inner diameter of the module. The sleeve is then slid into 
the module tube.  
b) One end of the plastic sleeve is sealed and vacuum is applied from the other end to 
suck air out and pack the fiber bundle densely.  
c) Repeat 8.6.5.1-d & e to get the module ready. 
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This method is easier to be implemented when compared with the non-vacuum method. 
However, its fiber parallelity might not as good as the previous one, because the fibers 
inside plastic sleeve cannot be touched and therefore cannot be combed in a well 
parallel order during the vacuum process. Some fibers might crossly overlap one 
another and be distorted after vacuum. 
8.7 Verification of the integrity of a lab-scale hollow fiber module 
In order to verify whether the fabrication of a module using the preceding procedures is 
successful, two preliminary experiments were conducted on the module. The module 
specifications are listed in Table 8-3. 
1556 cm2Effective membrane area
0.355/0.173 mmOD/ID of hollow fibers
465 piecesNumber of fibers
300 mmEffective length of fibers
10.9 mmInner diameter of the module
Table 8-3. Module specifications
 
 Firstly, module performance was evaluated by both pure and mixed gases. The mixed 
gas contains 40% CO2 and 60% CH4 and testing pressure is 100 psig at room 
temperature. The testing results are tabulated in Table 8-4. 
Pressure Permeance Selectivity







Table 8-4. Comparison of module permeance & selectivity: pure gas vs mixed gas
 The results show that the selectivity of CO2/CH4 in the mixed gas tests is almost the 
same as the pure gas tests. The CO2 permeance in pure gas tests is higher than that of 
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mixed gas tests possibly due to the combined effects of non-ideal gas behavior, 
competitive sorption and plasticization on the membranes (Wang et al., 2002). 
Secondly, a module pressure resistance test was also performed. The result in Figure 8-
17 shows that the permeance of nitrogen could be kept at constant with the increase of 
operating pressure, which indicates the module can withstand operating pressure up to 
500 psig. 
Module Pressure Resistant Test
































Figure 8-17. Module pressure resistance test
 The influence of module packing density on the concentration of products and 
separation efficiency, the influence of temperature changes caused by the Joule-
Thomson effect on the module performance will be further investigated later.   
8.8 Conclusions 
Various hollow fiber membrane modules employed in labs and industries were briefly 
reviewed. A simple approach to fabricate lab-scale hollow fiber membrane modules 
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with high packing density of 45~ 60%, which is around the level of commercial 
modules, by using commercially available standard parts was demonstrated. 
Preliminary tests show that the fabrication of a lab-scale hollow fiber module with high 
packing density of 49.3% is successful as the module can withstand high pressure up to 
500 psig and maintain good separation capability.  This know-how based technique 
could provide a close linkage between the lab-scale research and practical utilization of 




• Defect free 6FDA-2, 6, DAT single layer hollow fibers were successfully 
developed. Gas permenance decreased with the increase of shear rate and 
elongation. 
• Heat treatment could significantly improve the plasticization induced by CO2 in 
6FDA 2, 6, DAT hollow fibers. 
• Defect-free delamination-free dual-layer 6FDA Durene-mPDA/PES hollow fibers 
could be obtained by co-extrusion approach. O2/N2 selectivity of the dual-layer 
hollow fibers is 4.6 which is closed to the intrinsic value of outer-layer material 
(4.7) with O2 permeance of 28 GPU. 
• Delamination and shrinkage were discussed in details. Inner-layer polymer solution 
composition, bore fluid composition, ratio of inner & outer polymer solution flow 
rates as well as post-treatment process were found to play very important roles to 
produce delamination-free dual-layer membranes. 
• The thickness dependence of macrovoids evolution during the phase-inversion 
process of asymmetric flat membranes was studied using 20% PES/NMP and 20% 
BTDA-MDI/TDI/NMP polymer solution solutions. It was found that the membrane 
morphology strongly depends on the membrane thickness. A critical structure-
transition thickness, Lc, was observed for the two systems, indicating the transition 
of the membrane morphology from a sponge-like to a fingerlike structure with an 
increase in membrane thickness.   
• Elongation could improve hollow fiber morphology. Thermal/non-solvent mixed 
induced phase inversion could be utilized to control hollow fiber morphology. A 
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dual-layer hollow fiber with fully sponge-like interconnected network structure was 
developed. Less than 2 µm uniform outer layer was achieved. 
• Different shrinkage rates between layers could affect the interfacial morphology. 
Strong non-solvent as bore fluid might form a dense interface. The compatibility of 
both polymer solutions are important to form a interconnected interface. 
• A low-concentration p-xylenediamine/methanol solution could be utilized to 
crosslink the surface of polyimide outer layer to effectively suppress plasticization 
induced by CO2. Since the inner layer material was inert to the crosslinking, the 
modified hollow fibers could still keep their flexibility after 16 hour immersion. In 
contrast, a single layer 6FDA 2,6, DAT hollow fiber became brittle after 1 hr 
immersion. 
• A useful procedure was developed to fabricate lab scale hollow fiber modules with 
controllable packing fraction that could provide a close linkage between the lab-
scale research and practical utilization of membrane gas separation technology. 
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THICKNESS DEPENDENCE OF MACROVOID EVOLUTION IN WET 
PHASE-INVERSION ASYMMETRIC MEMBRANES 
A.1 Introduction 
Macrovoids often appear in phase-inversion membranes, and their formation 
mechanisms have been studied and heavily debated in the past 4 decades since Loeb 
and Sourirajan developed asymmetric cellulose acetate membranes for seawater 
desalination in the late 1950s.( Loeb and Sourirajan, 1963; Graig et al., 1962; Levich 
and Krylov, 1969; Matz, 1972; Strathmann et al., 1975, 1977; Cohen et al., 1979; 
Broens et al., 1980; Uragami et al., 1981; Altena and Smolders, 1982; McHugh and 
Yilmaz, 1985; Yilmaz and Mchugh, 1986; McDonogh et al., 1987; Reuvers et al., 
1987a, 1987b; Yao et al., 1988; Smolders et al., 1992; Shojaie et al., 1994; McKelvey 
and Koros, 1996; Chung et al., 1997b, 1997c; Pekny et al., 2003). More importantly, 
the phenomenon of macrovoid formation is of great significance even for normal 
textile fibers made by wet spinning (Graig et al., 1962; Knudsen, 1963; Takahashi et 
al., 1964; Epstein and Rosenthal, 1966). Membrane scientists are divided on the origins 
of macrovoid formation. Several believe that it most likely originates from 
thermodynamics, so they have investigated the subject from the perspective of 
chemical potential gradients and phase diagrams with the aid of the Flory-Huggins 
theory (Cohen et al., 1979; Broens et al., 1980; Altena and Smolders, 1982; McHugh 
and Yilmaz,, 1985; Yilmaz and Mchugh, 1986; Reuvers et al., 1987a, 1987b; Smolders 
et al., 1992). Others consider that it more likely starts from local surface instabilities 
and material and stress imbalances that result in weak points and induce solvent 
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intrusion; thus, their studies emphasize convective flow or nonsolvent penetration, 
from the aspects of kinetics and dynamics (Graig et al., 1962; Levich and Krylov, 1969; 
Matz, 1972; Strathmann et al., 1975, 1977; Shojaie et al., 1994; Chung et al., 1997b, 
1997c; Pekny et al., 2003). Other mechanisms have also been proposed, such as those 
based on Marangoni effects (Levich and Krylov, 1969; Shojaie et al., 1994) and 
osmosis pressure (McKelvey and Koros, 1996). 
Generally, two different structures, namely, spongelike and macrovoid (including 
fingerlike) configurations, have often been observed. Membranes that experience 
instantaneous liquid-liquid demixing tend to exhibit macrovoids, whereas membranes 
that experience delayed demixing tend to exhibit spongelike structures. Recently, 
Vogrin et al.. studied a ternary cellulose acetate/acetone/water system and reported that 
macrovoid formation is dependent on the membrane thickness (Vogrin et al., 2002). In 
their study, macrovoids appeared on membranes prepared from a 12.5 wt % casting 
solution at the thickness of 500 m, but not at thicknesses of 150 and 300 m.  
In this study, we report, for the first time, that a critical structure-transition thickness 
has been observed for the transition of membrane morphology from a spongelike to a 
macrovoid-type structure. This critical structure-transition thickness exists for 
membranes prepared from polyethersulfone and polyimide.  
A.2 Experimental Section 
The membrane materials, polyethersulfone (PES, Radel A-300P, CAS# 25667-42-9) 
and BTDA-MDI/TDI co-polyimide of 3,3',4,4'-benzophenonetetracarboxylic 
dianhydride (BTDA)-4,4'-diphenylmethane diisocyanate (MDI, 80%)-2,4-toylene 
diisocyanate (TDI, 20%) copolymer (BTDA-MDI/TDI or P-84, CAS# 58698-66-1) 
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powder, were supplied by Amoco and Lenzing, respectively. N-Methyl-2-pyrrolidone 
(NMP, >99.5%, CAS# 872-50-4), supplied by Merck, was used as a solvent. Water as 
a nonsolvent additive was produced by Milli-Q ultrapure water system. All reagents 
were used as received without further purification.  
Two membrane solutions were used to fabricate flat sheet membranes. One was a 
PES/NMP system, and the other was a BTDA-MDI/TDI (P84)/NMP system with the 
same polymer concentration of 20 wt % each. The membrane thickness varied from 0.5 
to 50 m. The polymer materials were dried at 110 C in a vacuum oven for 2 days. 
They were then dissolved in NMP solutions by mechanical stirring for 2 days at room 
temperature. These prepared homogeneous casting solutions were degassed before use. 
The relative humidity in the casting environment was 70-80%. The flat sheet 
membranes were fabricated on a glass plate with a casting knife. After casting, the 
nascent membranes were immediately immersed into a water bath together with the 
glass plate. Later, the membranes were washed with water for 2 days at room 
temperature. The cross-sectional morphologies of the prepared membranes were 
examined by scanning electron microscopy (SEM) using a JSM-6700F instrument.  
A.3 Results and discussion 
A.3.1 Effect of membrane thickness on membrane morphology 
Figure A-1 shows the evolution of the morphology of the PES flat membranes with 
thickness. The PES flat membranes have a loose nodular-like structure when the 
thickness is extremely low at about 0.57 m (Figure A-1A). The membrane evolves 
into a spongelike structure as the membrane thickness increases to 0.76 m (Figure A-
1B). However, with a further increase in membrane thickness, macrovoids gradually 
appear. When the membrane thickness is above 2 m, a fingerlike structure is fully 
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Figure A-1. Effect of membrane thickness on PES membrane structures 
(membrane solution: PES/NMP; PES 20wt.%; casting temperature: 25°C; coagulant: water) 
developed (Figure A-1D, A-1E). Similar phenomena were observed for the BTDA-
MDI/TDI/NMP system, as shown in Figure A-2. The membrane has a spongelike 
structure when its thickness is about 8.1 m (Figure A-2A). When the thickness 
reaches 9.5 m, some macrovoids form, as illustrated in Figure A-2B1. Both the 
number and the size of the macrovoids increase with increasing membrane thicknesses, 
as shown in Figure A-2B2, A-2B3, and A-2C. A fingerlike structure is fully developed 
at the thickness of 22 m (Figure A-2D). Clearly, the structure of membranes prepared 
by the phase-inversion process shows a strong dependency on the membrane thickness.  
A.3.2 Critical structure-transition thickness 
Membranes with various thicknesses were cast, and their cross-sectional morphologies 
were examined by SEM. The thicknesses of both spongelike portions and entire 
membranes were measured and are summarized in Figures A-3 and A-4. Three regions 
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could be identified along the abscissa corresponding to different membrane structures. 
In region I, the thickness of the spongelike portions is the same as the thickness of the 
entire membranes. It means that the cross sections of the membranes have a fully 
spongelike structure. The membrane morphology transitions from a spongelike to a 
fingerlike structure with some degrees of fluctuation in sponge thickness in region II. 
In region III, the membranes are of mainly fingerlike structure with an almost constant 
thickness of spongelike portion, which is independent of overall membrane thickness.  
B
11 µ m 
B
9.5 µ m
A (× 5,000) B (× 2,000) 
B
12.4 µ 
8.1 µ m 
m 22 µ
16 µ m 
D (× 2,000) C (× 2,000) 
Figure A-2. Effect of membrane thickness on BTDA-MDI/TDI co-
polyimide membrane structures 
(membrane solution, BTDA-MDI/TDI/NMP; BTDA-MDI/TDI, 20 wt %; casting temperature, 
25 C; coagulant: water). 
On the basis of the above analysis, it is reasonable to deduce that there exists a critical 
structure-transition thickness, Lc, that reflects the transition of membrane morphology 
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Figure A-3. Effect of membrane thickness on the thickness of spongelike 
portion of PES membranes  
(dope, PES/NMP; PES, 20 wt %; casting temperature, 25 °C; coagulant, water). 
Figure A-4. Effect of membrane thickness on the thickness of spongelike 
portion of BTDA-TDI/MDI membranes  
(dope, BTDA-MDI/TDI/NMP; BTDA-MDI/TDI, 20 wt %; casting temperature, 25 C; 
coagulant, water). 
from a spongelike to a fingerlike structure during the formation of asymmetric flat 
membranes. Lc is about 1.5±0.4 µm for the 20% PES/NMP membrane solution and 
about 11±2µm for the 20% BTDA-MDI/TDI/NMP membrane solution.  
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The critical structure-transition thickness Lc is different for different membrane 
solutions possibly because the solutions have different viscosities, surface energies, 
phase diagrams, and many other characteristics. Future studies will be focused on the 
relationship between Lc and the physical chemistry of the membrane solution 
properties.  
A.4 Conclusion 
The thickness dependence of macrovoid evolution during the phase-inversion process 
of asymmetric flat membranes was studied using 20% PES/NMP and 20% BTDA-
MDI/TDI/NMP membrane solutions. It was found that the membrane morphology 
strongly depends on the membrane thickness. A critical structure-transition thickness, 
Lc, was observed for the two systems, indicating the transition of the membrane 
morphology from a spongelike to a fingerlike structure with an increase in membrane 
thickness.  
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